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PREFACE  TO  THE  FOURTH  EDITION. 

In  prep?iring  the  present  Edition  of  this  Text-book,  I  have  endeavoured 
to  bring  every  section  of  it  abreast  of  the  onward  march  of  Geological 
Science.  Some  portions  have  been  recast  or  rewritten  \  others  have  been 
largely  augmented  by  the  incorporation  of  the  results  of  the  latest 
researches,  while  between  thirty  and  forty  .illustrations  have  been  added. 
As  the  new  material  thus  supplied  amounts  to  300  pages,  the  work 
has  now  been  divided,  for  more  convenient  use,  into  two  volumes  \  but 
to  facilitate  reference  their  pagination  has  been  made  continuous.  So 
uninterrupted^  however,  is  the  progress  of  investigation,  that  since  the 
•sheets  of  most  of  the  book  were  successively  printed  off,  various  valualdo 
memoirs  have  appeared  of  which  it  has  not  l)ecn  possible  to  make  use. 

As  in  previous  Editions,  copious  references  have  been  inserted  to 
sources  of  more  ample  information  in  each  bntnch  of  the  science.  A 
detailed  Table  of  Contents  for  the  whole  work  is  placed  at  the  beginning 
of  the  first  volume,  while  the  Index  of  Subjects  at  the  end  of  the  second 
volume  has  been  made  as  full  as  the  requirements  of  the  student  seemed 
to  dem^,nd.  These  requirements  have  been  further  kept  in  view  by  the 
insertion  of  numerous  cross-references,  wliich  it  is  hoped  will  enable  the 
reader  more  easily  to  follow  up  any  desired  path  through  the  various 
sections  of  geological  enquiry. 

I  have  to  acknowledge  with  grateful  thanks  the  valuable  assistance 
given  by  Mr.  H.  Woods,  F.G.S.,  of  the  Woodwardian  Museum,  Cam¬ 
bridge,  in  the  revision  of  the  Stratigraphical  Geology,  which  forms 
Book  YI.  He  has  gone  through  the  great  labour  of  checking  the 
synonymy  of  the  genera  and  species  of  fossils  and  of  bringing  it  up  to 
the  present  stage  of  palaeontological  nomenclature. 
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PEOM  THE  PEEFACE  TO  THE  FIEST  EDITION. 


The  method  of  treatment  adopted  in  this  Text-book  is  one  which,  while 
conducting  the  class  of  Geology  in  the  University  of  Edinburgh,  I  have 
found  to  afford  the  student  a  good  grasp  of  the  general  principles  of  'the 
science,  and  at  the  same  time  a  familiarity  with  and  interest  in  details  of 
which  he  is  enabled  to  see  the  hearing  in  the  general  system  of  know¬ 
ledge.  A  portion  of  the  volume  appeared  in  the  autumn  of  1879  as  the 
article  Geology  ”  in  the  EncydopmcLm  BrUannicM.  My  leisure  since  that 
date  has  been  chiefly  devoted  to  expanding  those  sections  of  the  treatise 
which  could  not  lie  adequately  developed  in  the  pages  of  a  general  work 
of  reference. 

While  the  book  will  not,  I  hope,  repel  the  general  reader  who  cares 
to  know  somewhat  in  <letail  the  facts  and  principles  of  one  of  the  most 
fascinating  branches  of  natural  history,  it  is  intended  primarily  for 
students,  and  is  therefore  adapted  specially  for  their  use.  The  digest 
given  of  each  sulqect  will  be  found  to  be  accompanied  by  references  to 
memoirs  where  a  fuller  statement  may  l)e  sought.  It  has  long  been  a 
charge  against  the  geologists  of  Great  Britain  that,  like  their  countrymen 
in  general,  they  are  apt  to  be  somewhat  insular  in  their  conceptions,  even 
in  regard  to  their  own  branch  of  science.  Of  course,  specialists  who  have 
devoted  themselves  to  the  investigation  of  certain  geological  formations 
or  of  a  certain  group  of  fossil  animals,  have  made  themselves  familiar 
with  what  has  been  written  upon  their  subject  in  other  countries.  But  I 
am  afraid  there  is  still  not  a  little  truth  in  the  charge,  that  the  general 
body  of  geologists  here  is  but  vaguely  acquainted  with  geological  types 
and  illustrations  other  than  such  as  have  been  drawn  from  the  area  of  the 
British  Isles.  More  particularly  is  the  accusation  true  in  regard  to 
American  geology.  Comparatively  few  of  us  have  any  adc(|uate  concep¬ 
tion  of  the  simplicity  and  grandeur  of  the  examples  by  which  the  principles 
of  the  science  have  been  enforced  on  the  other  side  of  the  Atlantic. 

Fully  sensible  of  this  natural  tendency,  I  have  tried  to  keep  it  in 
constant  view  as  a  danger  to  be  avoided  as  far  as  the  conditions  of  my 
task  would  allow.  In  a  text-book  designed  for  use  in  Britain,  the  illustra¬ 
tions  must  obviously  be  in  the  first  place  British.  A  truth  can  be  enforced 
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much  more  Wlf  by  aa  example  culled  from  familiar  ground  than  l.y 
one  taken  from  a  distance.  But  I  have  striven  to  widen  the  vision  of  th  . 
Senriy  indicating  to  him  that  while  the  general  principles  of  the 
science  remain  uniform,  they  receive  sometimes  a  clearer  sometimes  a. 
somewhat  different,  light  from  the  rocks  of  other  countries  than  out  own. 
If  from  these  references  he  is  induced  to  turn  to  the  labours  of  our  fellow- 
workers  on  the  Continent,  and  to  share  my  respect  and  admiration  for 
them,  a  large  part  of  my  design  will  have  been  accomplished.  If,  fui  thei , 
he  is  led  U)  ^udy  with  interest  the  work  of  our  brethren  across  the 
Atlantic,  and  to  join  in  my  hearty  regard  for  it  and  for  them,  another 
important  section  of  my  task  will  have  been  fulfilled.  And  if  in  perusing 
these  pages  he  should  find  in  them  any  stimulus  to  explore  nature  for 
himself,  to  wander  with  the  enthusiasm  of  a  true  geologist  over  the  length 
and  breadth  of  his  own  country,  and,  where  opportunity  offers,  to  extend 
his  e-xperience  and  widen  his  symiiathies  by  exploring  the  rocks  of  other 
lands,  the  remaining  and  chief  part  of  my  aim  would  be  attained. 

The  illustrations  of  Fossils  in  Book  VI.  have  been  chiefly  drawn  by 
Mr;  C4eorge  Sharman ;  a  few  by  Mr.  B.  N.  Peach,  and  one  or  two  by  Dr. 
E.  H.  Traquair,  F.E.S.,  to  all  of  whom  my  best  thanks  arc  due.  The 
publishers  having  become  possessed  of  the  wood-blocks  of  feir  Henry  de 
la  Beche’s  ‘Geological  Observer,’  I  gladly  made  use  of  them  as  far  as  they 
could  be  employed  in  Books  III.  and  IV.  Sir  Henry’s  sketches  were 
always  both  clear  and  artistic,  and  I  hope  that  students  will  not  be  sorry 
to  see  some  of  them  revived.  They  are  indicated  by  the  letter  (JJ).  The 
engravings  of  the  microscopic  structure  of  rocks  are  from  my  own  dra wr¬ 
ings,  and  I  have  also  availed  myself  of  materials  from  my  sketch-books. 
The  frontispiece  is  a  reduction  of  a  drawing  by  Mr.  W.  H.  Holmes,  w'hoso 
pictures  of  the  scenery  in  the  Far  West  of  the  United  States  are  by  far 
the  most  remarkable  examples  yet  attained  of  the  union  of  artistic 
effectiveness  with  almost  diagrammatic  geological  distinctness  and  accuracy. 
Captain  Dutton,  of  the  Geological  Survey  of  the  United  States,  furnished 
me  with  this  drawing,  and  also  requested  Mr.  Holmes  to  make  for  mo 
the  canon-sections  given  in  Book  VII.  To  both  of  these  kind  friends  I 
desire  to  acknowledge  my  indebtedness. 
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INTRODlfdTION. 


Geology  is  th(3  sciences  whicth  invi‘Hti^aiPH  t,ho.  history  of  the  Ka,rth.  Its 
o}>ject  is  to  trace  tlu3  pro^^rtiKK  <»f  otir  planet  from  tin*  carlii^ht 
of  its  B(3panit(3  existcnice,  through  its  varifHts  ntayoH  of  growt.h,  clown  to 
the  prcjsent  condition  of  tliiri|^H.  Idiravelliny  thc^  (Mniipli(‘atc»d  procc^KKCH 
by  which  each  ciontirn^nt  and  eoiaitry  ban  beam  boilt  np,  it  tnna'.s  out 
tlie  ori^o'n  of  their  niatca'ials  and  the  mircoHHive  by  which  tJn^sc*. 

inat(*rials  laivcj  Ixicn  brought  into  their  prcHcnt  form  a,nd  posificnL  It,  thim 
unfolds  a  vast  series  of  gc^ographieal  rc^voluticm.s  that  have*  aJIcc-tcal  both 
land  and  sea  all  over  the  face*,  of  tlie  glola*. 

Nor  does  this  sc^ience  confine,  ilscjlf  rncu’ely  la  c’lianges  in  the  inorganic 
world,  (biology  shows  tlnit  the  prciSfuit  rac(*.s  of  plajits  and  animals  arc* 
the  deseemdant.s  of  othcT  and  veuy  dihcTeiit  races  that  ones*  p<‘opled  fhci 
earth.  It  teaches  tliat  therci  has  heuin  a  preegress  of  die*,  inhabitants,  as 
well  as  one  of  the  globes  on  which  thciy  liavc?  dwc‘It  ;  tliat  ('ac*h  Hm’c*(*sHive 
period  in  the  earth’s  hisiemy,  sinca?  tlui  introdiicticcn  of  living  things,  ban 
been  marked  ly  cburactcristie  types  of  the  ajiimal  nnci  vegetable  king 
doiiis  ;  and  that,  how  impc3rf(i(*ily  kchsvcU’  they  ma,y  have  hcicm  prciHcu'Vcal  or* 
may  bo  deciphered,  matciriais  (‘xist  far  a  iiisfory  of  life*  upon  tJn-  plam‘L 
Ihe  geographical  disti*ibntion  of  cixisting  fannas  and  floras  is  cd'tcm  rnadci 
clear  and  intolligihle  by  gciologicial  c'viclmicai ;  and  in  a  similar  way,  light 
is  thrown  upon  some  of  thci  remcrtcu*  phascis  in  fhci  Irisfory  of  uian  iiimsciir. 

yV  Huhjcict  so  comprciliensivci  as  this  must  recpiirc*  a*  widci  artd  varied 
basis  of  evidence.  ()ne  of  th(3  charactcnisticiH  c»f  geohegv  is  tic  gathc»r 
evidence  from  sourecis  whicrh,  at  first  sight,  Hmm  far  remerved  from  its 
scope,  and  to  seek  aid  from  abrjost  cnatry  ccthcir  leadlrrg  brancdi  cif  Hcukmc’cr. 
Thus,  in  dealing  with  the  cearlicwt  ecmditicais  of  the  pianist,  tire  gcM.htgi.st 
must  fully  avail  himself  of  the  labours  of  the  iwtrcmonmr.  W'lmtcver  in 
ascertainable  by  telescjope,  spc'ct rcwc.ope,  or  chemic'ii,!  arndysiH,  regarding 
the  constitution  of  otluir  h(*avenly  Iroclies,  has  a  gi‘ologic*al  fa*aring.  The* 
experiments  of  the  physicist,  umhutnkc^n  to  dete,rniine  comlidcam  of 
matter  and  of  energy,  may  Hometirnes  \m  taken  as  the  Htarting  point  of 
geological  investigation.  Ihe  work  of  the  chc,‘inic*aj  labcu'atory  forms  the 
foundation  of  a  vast  and  irrereasing  muHs  of  gc^cdogic'id  inipiiry.  Ter  the 
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botanist,  the  zoologist,  even  to  the  unscientific,  if  obs(^rvaiii,  traveller 
land  or  sea,  the  geologist  turns  for  information  and  asHiHlaiic-i*. 

But  while  thus  culling  freely  from  the  dominions  other 
geology  claims,  as  its  peculiar  territory,  the  rocky  framrw<irk  of  the  git, 
In  the  materials  composing  that  framework,  tlunr  eompoHil  ion  ; 
arrangement,  the  processes  of  their  formation,  tlui  cliaiiges  wliicli  tl 
have  individually  undergone,  and  the  grand  tcn’iustrinl  mtiliif ions 
which  they  bear  witness,  lie  the  main  data  of  geologirul  liistorv.  I 
the  task  of  the  geologist  to  group  these  elements  in  siirh  a  way  fiial  tj 
may  be  made  to  yield  up  their  evidence  as  to  tin*,  marrli  of  cvi'iil*-  in 
evolution  of  the  planet.  He  finds  that  they  havt;  in  largi*  hums 
arranged  themselves  in  chronological  se(jU(}nce, —thf^  oldoHi  lying  at 
bottom  and  the  newest  at  the  top.  Itelies  of  an  aii«drnl  M‘a  floor 
overlain  with  traces  of  a  vanished  land-surfacte,  tlicise  uro  in  tiirn  non 
by  the  deposits  of  a  former  lake,  above  which  orico  more  appfar  prooii 
the  return  of  the  sea.  Among  these  rocky  records,  too,  lie  tjn*  lavin  j 
ashes  of  long-extinct  volcanoes.  Tlui  rippie  hdt  upon  a  sandy  IiimcIi, 
cracks  formed  by  the  sun’s  heat  upon  the  muddy  b(»tt«*m  of  a  dritiil 
pool,  the  very  imprint  of  the  drops  of  a  passing  raiirslunvor,  fwwail  li 
accurately  preserved,  and  often  hoar  witru^s.s  to  geognipliical  conditi 
widely  different  from  those  that  exist  whore  such  iiiurkiiigN  an*  t 
found 


But  it  is  mainly  by  the  remains  of  plmds  and  aiiiiiiab  iiji!a*fidvf 
the  rocks  that  the  geologist  is  guided  in  imravfdlin^  the  rliruinilog 
succession  of  geological  changes.  He  has  found  that  u  rcrbihi  ordt* 
appearance  characterises  these  organic  remairis ;  that  melt 
group  of  rocks  is  marked  by  its  own  special  typcjs  of  lifi*  ;  that  llirHi*  f  v 
can  be  recognised,  and  the  rocks  in  which  they  occur  vim  he  rurreb 
even  in  distant  countries,  where  no  other  means  of  I'oiiipariHiiii 
available.  At  one  moment,  he  has  to  deal  with  the  Inpum  of  mrnm  1; 
mammal  scattered  througdi  a  deposit  of  superficial  graved  ;  at  aiiotluir  ti 
jwith  the  minute  foraminifers  and  ostraeods  of  an  upriiiHi^d  hmhutt 
Corals  and  cririoids,  crowded  and  cmsliod  into  a  mansivu*  limestone  mi 
spot  where  they  lived  and  died,  ferjis  and  terrestrial  plartiM  iiia' 
^together  into  a  bed  of  coal  where  they  originally  grew,  t  In*  m'litfatred  14I 
of  a  submarine  sand-bank,  the  snails  and  lizards  that  Icsfi  timir  motildr 
remains  within  a  hollow  tree,  the  insects  that  havo  hum  imriiHe' 
within  the  exuding  resin  of  old  forests,  the  footprintB  of  binls 

^quadrupeds,  or  the  trails  of  worms  loft  upon  former  HimriM •■  ■flmse, 

|innumerahle  other  pieces  of  evidence,  enabh*  the  gef#li>giHt  to  reaiin 
'some  measure  what  the  vegetable  and  animal  life  of  per 

has  been,  and  what  geographical  changes  the  site  cff  everv  Ifiiifl 
undergone. 

It  IS  evident  that  to  deal  successfully  with  these  varied  inateria 
considerable  acquaintance  with  different  branches  of  «cfience  k  iimrni 

I"  knowledge  which  tins  geologlgt  lin 

kindred  branches  of  inquiry,  the  more  interesting  and  fruitful  will  Is 
own  researches.  From  its  very  nature,  geology  demandg  on  tlie  pa: 
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its  vdtiiricf.H  wide  .syiiiputhy  witit  investigation  in  a.lnio.’-,!.  <*very  hraneh  <jf 
natural  seienc-e.  Mspreially  inaa’Hsary  in  a  tole.rahly  largi',  a(*t|uainf.an<’(‘ 
with  the  proctesses  now  at  work  in  changing  the*,  surfa^a*  of  tin*  eartli,  and 
of  at  least  tho.mf  fornw  of  plant  and  animal  lifcf  whoso  remains  are  a.pt. 
to  he  preservcnl  iii  geological  deposits^  or  which,  in  tlieii’  Htrueturo  ami 
ha,]»itnt,  enahic.  us  to  realisi*  what  their  formainner.s  wena 

It  has  often  hcam  insisted  upon  that  tlie  Ib’esent  in  the  key  to  tlie  i^ant  ; 
and  in  a  wi<ie  nmise,  this  aHserti«>a  is  eminently  trues.  ( )nly  in  pr'iiportion 
a,s  we  understand  tin*,  present,  wh(*re  c*very tiling  is  opmi  on  all  sides  to  the 
fullest  investigation,  ean  we  exp(*ett.o  ileeiphm'  th(‘  pant,  when*  ho  nnieh 
is  obscure,  imperfectly  preserved,  or  mU.  pn*Hm'V(‘d  at.  all.  A  study  of  tin* 
existing  economy  of  nature  ouglit  evi<lently  to  Iks  tlnf  foundation  the 
goolo^  i  Ht’s  t rai  ni  ng. 

While,  liow'evor,  tin*  |U’(^HC‘iit  condition  of  things  is  tlms  etnployrd,  we 
must  obviously  be  on  our  guard  against  the  danger  of  imeonseionHly  ashum 
ing  that  the  phase,  of  nature operationn  whieh  we  now  witinwH  hurt  heem 
the  same  in  all  past  time  ;  that  geological  ehanges  liavif  taken  plaee,  in 
former  ages,  in  the  manner  and  on  the  neah*.  whieii  we  hidiold  totlay,  and 
that  at  the  pr(*H(‘nt  time  all  the  great  geological  pro(n‘KH{*H,  whieh  have 
produced  ehaiigoH  in  past  eras  of  the  earthh  luHtory,  are  still  existent 
aiid  active.  Of  eourse,  wi*.  may  assn  me  tluH  uniformity  of  motion,  and  iwe 
the  assumption  as  a  working  hypothcHis.  Put  it  ought  not  to  he  aJIoweel  a 
firmm*  footiiig,  nor  on  any  account  Ik*.  sufrere.d  to  blind  us  to  the.  obvions 
truth  tiiat  thif  few  eenturicH,  whenun  man  has  been  ohser*ving  riatur<*,  form 
much  too  brief  an  int(‘rval  by  whieh  to  meaHun^  the.  intensity  of  gmhogieal 
action  in  all  pa.Ht  time.  For  aught  W(i  ean  t.ell,  the.  present,  i.s  an  era  of 
({uietude.  and  shiw  cluingc,  eompareil  with  some  of  tin*  eras  that  havi*. 
fircceded  it.  Nor  ean  we  he  sure,  tiiat  win*!!  we  have  explored  «-very 
geologi(*al  process  now  in  progims,  wt*.  have  exhaimled  all  the  eaiiHen  of 
change  which,  c*vcn  in  c.omparatively  re,<*eiit.  times,  have*  hmm  at  work. 

In  dealing  with  the  ^leohigicral  Ib'ccird,  as  the.  ae‘c<‘HHihle  snlid  part  of 
the  globe  is  ealhid,  we  eiuinot  too  viviilly  realise?  that,  at  tin*  be-Ht,  it  fonns 
but  an  imperfect  ehroniehf.  Geological  history  cannot  be  eamipilcel  frojn 
a  full  and  continuous  sei’icjs  of  eloc!iinn!nt.'H.  (iwing  te>  the  very  uatnn*  of 
its  origin,  tlie  record  i«  inmesHarily  from  the?  first  fragmentary,  and  it  has 
been  further  mutilated  and  olmeuriKl  by  the  riiVolutioim  of  sin'ccHmve  nges. 
Eveiii  wln‘.re  the?  ehnmic*Ie.  of  e‘Ve*ntH  is  contiriuous,  it  is  very  une*e{ual 
value  in  diflere^nt  plaecxs.  In  om?  carte?,  fe#r  e‘xample,  it  may  [»re‘H<‘nt.  mi 
with  an  unbroken  succe^Hsion  of  ileposits,  many  thoUHiunbi  eif  fe‘t*t  in  thie*k 
ness,  from  wliieh,  Iiowatver,  only  a  few  nn*agre  fae*tH  ii«  fee  geological 
history  ean  be  gIe*an(Kl.  In  a!iothe*r  iimiancet,  it  bringn  before!  iw,  wifhiti 
the  compass  of  a  fenv  yanls,  the  eevielence?  of  a  most  varied  ami  <*oriipli<“af  <kI 
S(‘rieH  of  ehang<‘s  in  physical  ge^ograpliy,  m  we‘11  m  an  iibumlarit  and 
interesting  suite  of  or-ganic  rerriain.H.  Tln*se  and  other  efmractm*if4tiert  e>f 
the  geological  nn;ord  will  he<‘,ome  nmre  appan*nt.  and  intehiigibh*  !f>  the 
student  as  he  proc^eenls  in  the  study  eef  the,  Hetience*. 

In  the  present  voliune  the  suhje*ct  will  he  elistrihiiteKl  unde.r  the  follow 
ing  leading  divisions. 


4 


INTROVinmaN 


1.  The  Cosrmatl  Aspeci.^  nf  (h‘vlo(jij,—\l  in  <h‘sirahh*  tti 

the  more  important  relations  of  the  earth  to  thu  other  iiietiihrrs  of 
solar  system,  of  which  it  forms  a  part,  seoin;^  that  pheiioiij 

are  largely  the  result  of  thes(i  relations.  The  form  ami  iiiotiiai.i  <»f 
planet  may  be  briefly  touched  upon,  and  atteiiti(ui  hlioiilfl  bo  diiotin 
the  way  in  which  these  planetory  nioveinents  influenec!  gt*oIogir;iI  riiai 
The  light  cast  upon  the  early  history  of  the  earth  hy  reHoarelie.-^ 
composition  of  the  sun  and  stars  (kiserves  notices  here. 

2.  Geognomj — An  Inqmrif  into  the  Materlak  of  iht  Kmiks  s»i^:4oii*'4 
This  division  describes  the  constituent  parts  of  th«»  earth,  it-M  emrlopo, 
air  and  water,  its  solid  crust,  and  the  prohalde  temditioii  fif  it^  inter 
Especially,  it  directs  attention  to  the  more  important  ininii*al^  of  thi*  er 
and  the  chief  rocks  of  which  that  crust  is  huilt  up.  In  wiyv,  it  I 
a  foundation  of  knowledge  regarding  tin?  nature;  of  fin*  materia  In  eur 
tuting  the  mass  of  the  globe,  whena?  wo,  may  inexi  pi’ciceed  to 

the  processes  by  which  these  materials  an;  prodm^ofl  aiid  alfori'd. 

3.  Jji/ncmkdl  hWgr/// ernbrac.<!H  a-u  investigation  of  file  opera! imum  \%l 

lead  to  the  formation,  alteration,  urnl  <li.sturl»aiH*e  (d*  rorks,  and  rails  in 
aid  of  physical  and  chcunical  experiment  in  elueddation  of  iiprrafn 

It  considers  the  nature  and  operation  of  the  proet»ssrs  tliiii  hacr  di* 
mined  the  distrilnitiofi  of  sea  and  land,  atid  have  moulilnl  the  fonii, 
the  terrestrial  ridges  and  depressions,  ft  furtlier  invcht  igaien  flir  5 
logical  changes  which  are  in  progress  over  tin;  Hurfaee  id  llie  laud  1 
floor  of  the  sea,  whether  these  are  dm;  to  Kuiiternineari  di«tiir}«iiii‘f%  m 
the  effect  of  operations  above  ground.  Ku<di  mi  impiiry 

careful  study  of  the  existing  economy  of  iiaturi;,  and  forum  a  tifliiig  in 
duction  to  the  investigation  of  the  geological  eliaiiges  of  fiiriuiu'  prim 
This  and  the  previous  section,  including  most  of  what  in  oiiibracni  iiu 
Physical  Geography  and  Petrogeny  or  (bjogeuy,  will  lien;  hr  libniH 
more  in  detail  than  is  usual  in  geological  treatimjH. 

^4.  Geotedonic,  or  Strudunil  (kMlogip-^ty  Atrhifrdiur  of  //ir  lutrik 
This^ section ^  of  the  investigation,  applying  the  results  arrived  at,  in 
previous  division,  discusses  the  actual  arrangement  of  tlits  vatioiuH  iriitirr 
composing  the  crust  of  the  earth.  It  proves  that  some  liavo  forr 
in  beds  or  strata,  whether  hy  the  deposit  of  sediment  on  f  he  floor  uf  1- 
and  lakes,  or  by  the  slow  aggregation  of  organic  forms  ;  that  otlicr^i  !i 
been  poured  out  from  subterranean  sources  in  shcifts  of  moliffu  rr«,*k, 
showers  of  loose  dust,  which  have  lieen  built  iip  into  riioiiiitaiiis  i 
plateaux.  It  further  shows  that  rocks  originally  laid  down  in  itlmosi  h 
zontal  beds  have  subsequently  been  crumpled,  contorted,  disloc-atia!,  hmn 
by  igneous  masses  from  below,  and  .rendered  8onic5tiiries 
teaches,  too,  that  wherever  exposed  above  sea- level,  timv  have  h 
incessantly  worn  down,_  and  have  often  been  depressed,  ko ‘that  older 
buried  beneath  later  accumulations. 

5.  PalcBontological  Gedogy.—ThiB  branch  of  the  subject  (leak  with 
organic  forms  which  are  found  preserved  in  the  rocks  of  tiie  criwi  of 
earth.  It  includes  such  questions  as  the  manner  in  which  the  rcimi 
of  plants  and  animals  are  entombed  in  sedimentary  aeciimulatioits, 
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relations  between  extinct  and  living  types,  the  laws  which  appear  to 
have  governed  the  distribution  of  life  in  time  and  in  space,  the  nature 
and  use  of  the  evidence  from  organic  remains  regarding  former  conditions 
of  pliysical  geography,  and  the  relative  importance  of  different  genera  of 
animals  and  plants  in  geological  inquiry. 

6.  Stratigmpliical  Geology, — This  section  might  be  called  Geological 
History,  or  Historical  Geology.  It  works  out  the  chronological  succession 
of  the  great  formations  of  the  earth’s  crust,  and  endeavours  to  trace  the 
sequence  of  events  of  which  they  contain  the  record.  More  particularly, 
it  determines  the  order  of  succession  of  the  various  plants  and  animals 
which  in  past  time  have  peopled  the  earth,  and  thus,  by  ascertaining 
what  has  been  the  grand  march  of  life  upon  the  planet,  seeks  to  unravel 
the  story  of  the  earth  as  made  known  by  the  rocks  of  the  crust. 
Further,  by  comparing  the  sequence  of  rocks  in  one  country  with  that 
of  those  in  another,  it  furnishes  materials  for  enabling  us  to  pictuT*e  the 
successive  stages  in  the  geographical  evolution  of  the  various  portions  of 
the  earth’s  surface. 

7.  Physiogra;phical  Geology,  starting  from  the  basis  of  fact  laid  down 
Toy  stratigraphical  geology  regarding  former  geographical  changes, 
embraces  an  inquiry  into  the  history  of  the  present  features  of  the 
earth’s  surface — continental  ridges  and  ocean  basins,  plains,  valleys,  and 
mountains.  It  investigates  the  structure  of  mountains  and  valleys, 
compares  the  mountains  of  different  countries,  and  ascertains  the  relative 
geological  dates  of  their  upheaval.  It  explains  the  causes  on  which 
local  differences  of  scenery  depend,  and  shows  under  what  very  diiferent 
circumstances,  and  at  what  widely  separated  intervals,  the  varied 
contours,  even  of  a  single  country,  have  been  produced. 

In  the  present  text-book  references  are  given  in  each  section,  of  the 
subject  to  fuller  sources  of  information  to  which  the  student  may 
profitably  turn.  But  it  may  be  useful  to  him  to  have  here  a  preliminary 
statement  regarding  general  works  of  reference,  some  of  which  he  might 
with  advantage  add  to  his  library. 


WORKS  OF  REFERENCE,  ETC. 

History  of  Geological  Science. — When  he  has  made  some  genera]  accpiaintance 
with  the  nature  and  scope  of  geology,  the  learner  will  derive  great  benefit  from  a  course 
of  historical  reading,  which  will  enable  him  to  trace  the  development  of  ideas  and  the 
gradual  establishment  of  recognised  principles  upon  an  ever-widening  basis  of  ascertained 
jfact.  The  history  of  a  science  is  best  told  in  the  lives  and  works  of  those  who  have  been 
iilie  chief  workers  in  it.  In  the  records  of  scientific  achievement  there  are  few  more 
interesting  chapters  than  those  which  trace  the  birth  and  growth  of  geology.  One  who 
xnakes  himself  familiar  with  these  chapters  will  find  that  they  enlarge  his  concci)tions  of 
■tlie  meaning  and  bearings  of  geological  theory,  and  give  a  keener  human  interest  to  many 
of  the  inquiries  which  he  has  to  pursue.  It  will  eventually  be  found  most  satisfactory^ 
•fco  turn  to  the  original  sources  of  information  ;  but  as  these  are  scattered  through 
different  languages  and  are  not  always  easily  accessible,  the  student  may  at  first  with 
advantage  make  use  of  such  digests  of  the  history  as  may  come  into  his  hands.  The 
Hrst  four  chapter?  of  LyelTs  ‘  Principles  of  Geology  ’  have  long  been  the  chief  source 
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of  information  to  English-speaking  readers  regarding  the  history  of  the  progress  of  the 
science.  Excellent  as  they  are,  they  need  amplification,  especially  for  the  period  after 
the  middle  of  the  eigbteentli  century.  Whewell’s  ‘  History  of  the  Inductive  Sciences  ’ 
may  also  be  usefully  consulted.  I  have  tried  to  supply  some  further  details  in 
my  ‘Founders  of  Geology,’  which  deals  more  particularly  with  the  progress  made 
between  1750  and  1820.  In  French,  the  works  of  D’Archiac  are  valuable  ;  his  ‘  Histoire 
des  Progris  de  la  Gdologie,’  in  eight  volumes,  brings  down  the  record,  especially  of 
French  workers,  from  1834  to  1850,  while  his/  Cours  de  Paleontologie  Stratigraphique  ’ 
(1862)  and  his  ‘Geologic  et  Paleontologie’  (1866)  may  be  consulted.  In  German, 
Keferstein’s  ‘  Geschichte  und  Literatur  der  Geognosie  ’  gives  a  convenient  summary 
down  to  the  year  1840.  More  valuable  is  the  excellent  .digest  by  Professor  Zittel  in 
his  ‘Geschichte  der  Geologic  und  Palaontologie  bis  Ende  des  19.  Jahrhunderts  ’  (1899). 
From  these  different  treatises  the  student  will  be  able  to  select  such  historical  questions 
as  he  may  wish  to  pursue,  and  the  various  authors  through  whose  writings  he  may  be 
able  best  to  trace  the  progress  of  research. 

Reference  may  be  made  here  to  the  ‘Catalogue  des  Bibliographies  Gdologiques,’  by 
M.  Emm.  de  Margerie,  published  under  the  auspices  of  the  International  Geological 
Congress,  Paris,  1896,  pp.  xx,  733 — a  storehouse  of  directions  for  sources  of  information 
in  all  departments  of  geology,  and  for  all  parts  of  the  world. 

Guides  to  Methods  of  Geological  Investigation. — Various  hand-books  have 
been  published  in  this  country  and  elsewhere  as  aids  in  the  prosecution  of  geological 
investigation  in  the  field  and  in  the  laboratory.  The  following  list  comprises  a  number 
which  may  be  found  of  service  : — 

Ami  Boue,  ‘Guide  du  Geologue  Yoyageur.’  2  vols.  1835-36. 

Baron  F.  von  Richthofen,  ‘Fiihrer  ftir  Forschungsreisende.’  Berlin,  1886. 

Keilhack,  ‘  Lehrbuch  der  praktischen  Geologic  —  Arbeiten  und  Untersuchungs- 
methoden  auf  dem  Gebiete  der  Geologie,  Mineralogie  und  Palaontologie.’ 
Stuttgart,  1896. 

W.  H.  Penning,  ‘A  Text-book  of  Field  Geology,’  with  section  on  Paleontology  by 
A.  J.  Jukes-Browne.  London:  Baillike  and  Co.  2nd  edition.  1879. 

A.  Geikie,  ‘  Outlines  of  Field  Geology.’  London  :  Macmillan  and  Co.  5th 
edition.  1900. 

‘  Manual  of  Scientific  Enquiry.’  Published  for  the  Admiralty.  5th  edition.  1886. 

G.  A.  T.  Cole,  ‘Aids  in  Practical  Geology.’  London:  Griffin  and  Co.  3rd 
edition.  1898. 

H.  Rosenbusch,  ‘  Mikroskopische  Physiographie  der  Mineralien  und  Gesteine.’ 
2  vols.  3rd  edition.  1896.  Also  the  English  version,  ‘  Microscopical  Physio¬ 
graphy  of  Rock -forming  Minerals,’  by  J.  P.  Iddings.  3rd  edition.  1893. 
Further  works  of  reference  in  Petrography  will  be  found  enumerated  in  Book  II. 
Part  II.  Sect.  iii.  §  iv. 

L.  de  Launay,  ‘  Gdologie  Pratique.’  1901. 

General  Treatises  or  Text-books  of  Geology. — Out  of  the  vast  number  of 
class-books,  hand-books,  and  other  summaries  of  the  elements,  principles,  and  chief 
results  of  geological  investigation,  it  is  only  possible  to  find  room  here  for  the  mention 
of  a  few  of  the  more  important,  and  especially  of  the  more  recent,  w'orks  and  editions. 

A.  De  Lapparent,  ‘  Traitd  de  Geologic.’  Paris.  4th  edition.  1900  ;  in  three  volumes 
containing  1912  pages..  This  is  the  standard  treatise  in  French. 

H.  Credner,  ‘Elemente  der  Geologic.’  8th  edition.  1897. 

E.  Suess,  ‘  Antlitz  der  Erde.’  3  vols.  French  trans.  by  E.  de  Margerie  and  others, 
with  title,  ‘La  Face  de  la  Terre.’  Paris,  vol.  i.  1897  ;  vol.  ii.  1900. 

E.  Kayser,  ‘  Text-book  of  Comparative  Geology.’  Trans.  P.  Lake.  London,  1893. 
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A.  Supan,  ‘  Grundziige  der  pliysischen  Erdkiinde.  ’  2nd  enlarged  edition,  Leipzig, 
1896.  An  excellent  digest  of  physical  geography  and  geology. 

S.  Gunther,  ‘Handhuch  der  Geophysik/  2  vols.  Stuttgart,  1897-1900.  A  remark¬ 
ably  voluminous  digest  of  the  whole  vast  subject,  with  full  references  to  original 
authorities. 

A.  Penck,  ‘  Morphologic  der  Erdoberflache.’  2  vols.  Stuttgart,  1894. 

F.  Toula,  ‘Lehrbuch  der  Geologie,’  Vienna,  1900. 

K.  Fritsch,  ‘Allgemeine  Geologic.’  Stuttgart,  1888. 

A.  Stoppani,  ‘  Corso  di  Geologia.’  3  vols.  Milan,  1871-73. 

J.  D,  Dana,  ‘Manual  of  Geology.’  4th  edition.  ISTew  York,  1895.  Valuable  for 
its  information  regarding  American  geology. 

J.  Le  Conte,  ‘Elements  of  Geology.’  New  York,  1889. 

W.  B.  Scott,  ‘An  Introduction  to  Geology.’  New  York,  1897. 

De  la  Noe  and  E.  de  Margerie,  ‘Les  Formes  du  Terrain.’  Paris,  1888. 

K.  A.  von  Zittel,  ‘Handbuch  der  Palaeontologie.’  5  vols.  French  trans.  by 
Barrois.  ‘Grundziige  der  Palaeontologie.’  Trans,  into  English  by  (J.  K. 
Eastman,  with  great  modifications,  and  published  as  a  ‘Text-book  of  Pahv- 
ontology,’  vol.  i.  1900  ;  vol.  ii.  1902. 

A.  Smith  Woodward,  ‘Outlines  of  Vertebrate  Paleontology  for  Students  of  Zoology,’ 
pp.  xxiv.  470.  Cambridge,  1898. 

D.  H.  Scott,  ‘Studies  in  Fossil  Botany,’  pp.  xiii,  553.  London,  1900. 

A.  C.  Seward,  ‘Fossil  Plants  : — for  Students  of  Botany  and  Geology.’  Cambridge, 
vol.  i.  (1898). 

Zeiller,  ‘Elements  de  PaMobotanique.’  Paris,  1900,  pp.  421.  Other  works  are  cited 
at  the  beginning  of  Book  V. 

Works  on  the  applications  of  Geology: — 

J.  V.  Elsden,  ‘Applied  Geology.’  In  two  parts.  London,  1898-99. 

G.  P.  Merrill,  ‘Stones  for  Building  and  Decoration.’  2nd  edition.  New  York: 
Wiley;  London:  Chapman  and  Hall.  ‘The  Physical,  Chemical,  and  Econoniie 
Properties  of  Building  Stones.’  Maryland  Geol.  Survey.  Special  publ.  vol.  ii. 
part  ii.  Baltimore,  1898. 

S.  M.  Burnham,  ‘History  and  Uses  of  Limestones  and  Marbles.’  Boston  :  Cassino, 
1883. 

E.  R  Buckley,  “On  the  Building  and  Ornamental  Stones  of  Wisconsin,”  Wiscomhi 
Geol.  Surv.  Bulletin,  No.  v.  Madison,  Wis. ,  1898.  This  writer  contributes  a 
useful  paper  on  “The  Properties  of  Building  Stones  and  Methods  of  determining 
their  Value,”  Joimial  of  Geology,  Chicago,  vol.  viii.  1900,  pp.  160,  333,  526, 
and  supplies  there  a  copious  list  of  references  to  the  subject.  See  also  a 
paper  by  A.  A.  Julien  in  Jour.  Franidm  Inst.  Pemisyhmiia,  exlvii.  (1899), 
pp.  257,  378. 

0.  Herman,  ‘  Steinbruch-Industrie  und  Steinbruch-Geologie,’  pp.  428.  Berlin,  1899. 

H.  Gruner,  ‘Landwirtschaft  und  Geologic.’  1879. 

PI.  E.  Stockbridge,  ‘Eocks  and  Soils.’  1885. 

E.  Warington,  ‘Lectures  on  some  of  the  Physical  Properties  of  Soil,’  pp.  xv,  231. 
Oxford,  1900. 

H.  B.  Woodward,  “Soils  and  Subsoils  from  a  Sanitary  Point  of  View,”  Mc'm. 
Geol.  SicTv.  1897,  pp.  vi,  58. 

W.  Whitaker,  “Geology  and  Sanitary  Science,”  Iom\  Sanitary  Inst.,  vol.  xviii. 
(1897),  pp.  304-316. 

W.  H.  Penning,  ‘  Engineering  Geology.’  London,  1880. 

W.  Galloway,  ‘A  Course  of  Lectures  on  Mining.’  Cardiff.  Published  by  South 
Wales  Institute  of  Engineers.  1900. 
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\\  VT'.  ■  A  !»■;  Tre:itiNe  Oil  Coal  and  Coal-minmc,^'  8 tl  edition,  revised 

-i  ’  1  r.  roi>rrr  nnnvii.  pp.  vi,  346.  London,  1900. 

^  ^  III.,  ‘ijiv  tnd  edition,  lS9t.L 

„  •  y, .  -A  L'xt-book  ofOre- and  Stone-ininiiig.’  4tli  edition.  London, 

|:  ^  ;■  Saliiuaikuude,’  p.  1121.  BniuswieL,  1900. 

4,,...,,  I  d  —  It  is  iniitossible  to  follow  intelligently  tlie  descriptions  of  the 

.j  ;  „  X,.  .iiii]  tlnAii’eologieal  structure  of  a  country  without  recourse  to 

^  ■  i]  ir.r.'-.  that  art*  available.  For  the  luoader  questions  of  geology  and 

^  __  ^  A'  r:a*  litai's  of  Uergliaiis  and  those  of  the  Physical  jLtlas  now  in  course 

k.  '*v  *ib it lioh  iio'W  of  Edinbiirgli  will  he  foinid  of  value.  For  the  geology 

.t  i;  tiih-iits  uiiil  coiintiies  the  following  list  contains  the  more  important 

i.J  1  .  lii.ij  .s  :--- 

EUEOi^M. 

t  ji!-'  A.  I iitvniatioiiale  de  TEurope  (Congrcs  liiteriiatioiiale  de  Geologie). 

1  : 1  .fiC* Hiu.  4h  slifcts.  I).  Reimer,  Berlin. 

Hu.]>  hi-.’i  jud  Xicol,  ileological  l^Iap  of  Europie.  1:4,SOO,ODO.  Keith  Johnston, 

IMiiilcirEi. 

L.'ijji.  lit.  bill t'  fhndoghjue  de  FEiirope.  1:4, €00,000  approx.  Koblet,  Paris  and 

Pc  -twieh.  lh“. logical  Map  of  Euroi^e  (in  Prestwich ’s  ‘  Geology,’  vol.  ii.).  I ;  9,500,000 

up  pro  V.  Llareiidon  Press,  Oxford. 

llal>eiiicht,  Geolog.  Karte  Euro  pa  (in  Peterniami’s  *  Mittlieilungen,  ’  1S76). 
1 :  LA 000,000.  Justus  Perthes,  Gotha. 

Bsfiiad  and  Wades. — Geological  Survey  Maps  in  three  scales,  6  inches  to  a  mile, 

1  inch  to  a  mile,  anti  ^  ineh  to  a  mile. 

On  the  largest  scale  (1 :1€,560)  only  maps  of  the  mineral  districts  are  published. 
Oiie-iiich  scale.  110  sheets,  old  series  ;  MO  sheets,  new  series.  1 :  63,360. 
General  map  on  scale  of  |  inch  to  a  mile.  15  sheets.  1  :  250,  OOO. 

0€oli)gieal  Map  of  England  and  Wales  (A.  Geihie).  1  :  633, 600.  Bartholomew, 

Lliiikirgh. 

Geological  Map  of  England  and  Wales  (Sir  A.  Ramsay).  1  :  700, OOO  approx. 

Stanford,  Ltindon. 

S»Maiid«— Geological  Survey  Maps.  131  sheets  of  l-inch  scale,  1  :  63,360.  (Mineral 

ilistriets,  as  above. ) 

Geological  Map  of  Scotland  (A.  Geikie).  1  :  633,500.  Bartholomew,  Edinburgh. 

Irtlajiii. —  Geological  Survey  Maps  on  the  scale  of  1  inch  to  a  mile.  205  sheets. 

1 :  63,360,  &s  atove. 

Geological  Map  of  Ireland  (E.  Hull).  1  : 500,000  approx.  Stanford,  London. 

Carte  Geologiqoe  detaillee  de  la  France  (Service  de  la  Carte  Geol,  Minist^re 
tit«  Travaiix  Publics).  1:80,000.  267  sheets smaller  scale,  1:320,000.  33 

sheets ;  general  map,  1  : 1,000,000.  Baudry,  Paris. 

Tasseiir  et  Carez.  Carte  Geulogique  de  la  France.  1 :  600,000.  Comptair  Geologique, 

Paris. 

IjemsMur,  Carte  Geologique  de  la  France.  1 : 3,500,000,  De  la  Grave,  Paris. 

Carte  Geologic|ue  de  la  France.  1841.  (Brochant  de  Tiliiers,  Dufrenoyat  E.  do 
IfeaiiiBont,  Ministere  des  Pravaux  Publics).  1:500,000.  Paris. 

Ctemiaj. Gec)l<3gische  Specialkarte  d.  Preussisch.  u.  d. 'Thnringisch.  Stmteii  (K. 
Preuss.  Gdologiseh.  Landesaiietalt  n.  Bergakademie).  1:  25,000.  4500  sheets 

t  iadadiag  those  oa  same  scale  of  Saxony,  Baden,  and  other  States).  P.  Parey, 
l-ierlia ;  J.  H,  Berlin. 
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Lepsilis,  Geoloi^iseiie  Karte  d.  DtHitselien  Reiidis.  1  :5CN},yOO.  27  slieets.  J. 
Pertlies,  Gotha. 

Baden. — Geolog.  Spwialkarte  tl.  Grosslif^rzogtliiinis  Baden  ^Cirossherz.  Badiseli. 
(h^olog.  Laiulesaiistaltd  1 :  115, CnlO.  'Winter,  ileidellieiir. 

Fraas,  Geogiiosti'^ehe  Wainikarte  d.  Wiirtemherg.  Baden,  u.  Holieiizollem. 
1:  *280,000.  Selivveizerbart,  Stuttgart, 

Bavaria. — Geo^iiostisL'lie  Ksirte  voii  Bayern —Giirnbel  ll\.  Biver.  StaatsniiuBteriimi 
des  1 11  lie ni).  1  :100,000.  Fiselier,  Cas>el, 

Alsace-Lorraine. — Geolog.  S|Hvi.ilkart(‘  vmi  EIsurs- Leiliring*'!]  (Geolog.  Laiides- 
iiiitersuoliiiiig  vi^ii  Elsas.R-Lotliriiigeii  .  1  : 2.1.000.  Seliultz,  Strasshiirg. 

Hesse. — Goolog.  Karte  des  Cln)ssli<‘rzo"thniiK  Hessen  Grosslierzng.  Hess.  Geolog. 
Landesanstalt,  (Minissteriiini  des  Innern  .  1  :2rtjH,>!).  Berg>trasser.  Darmstadt. 

Geolog.  Speciadkarte  des  Grossherzogthiniis  Ilfesseii  Geolog. 

Verein.).  1:550/100.  Joiigliaiis,  Stuttgart  and  BiriiiNtadt. 

SaKony. — Geolog.  Specialkarte  lies  Koiiigreichs  Saeli<en  (Geolog.  Laiidesniistalt  des 
Konigreidis  Saclisen),  1:25,000.  Engelmimn,  Lei|»zig. 

Wiirtemberg. — Geolog.  Specialkartenatlas  (K.  Wurtemberg.  Statistiseli.  Laudesamt). 
1  :  50,000.  Stuttgart. 

tlbersich tskarte  i^K.  Wiirtemberg.  Statistiscli.  Lande. saint).  1 : 600^000.  Stuttgart. 
See  also  liadeii  (Fraas  a 

Anstria-Hiingary. ---- Geolog.  Specialkarte  ties  Oesterreicli.-riigariseh.  iloiiarcliie  (KK. 
Geolog.  Reidisanstalt ).  1  : 75,000.  About  750  sheets,  ineludizig  Hungary^  etc. 

Lee  liner,  Tieiina. 

Von  Hauer,  Geolog.  Karte  r on  Oesterreicli-Diigarn.  1:576,000.  12  sheets.  Bo. 

1  : 2,016,000.  Uidder,  Vienna. 

Hiingary. — Geolog.  Karte  von  rngarn  iK.  Uogar.  Geolog.  Aiistalt).  1  : 75j000. 
Uibout  350  sheets:  see  above.)  Do.,  1:  144,0o0.  Buda-Pesth. 

Carte  Gbologiqiie  de  lloiigrie  iSoeiete  G.‘ologiqiie  tie  Hongrie  .  1 :  1,000, 000. 

K Ilian,  Buda-Pesth. 

Boheiiiia. — Geolog.  Karte  von  Bidiineii  iConiite  fiir  die  ISTatarwiss.  Laiidesdnrch- 
forsdiiiiig  von  Bblimen).  1  :  200,000.  Rivna?,  Prague. 

Bosnia  and  Hexceg-ovim. — Geolog,  Karte  von  Bosnian  uiidder  Hercegovina  (Geolog. 
Laiidesdurcliforscliiiiig  von  Bosnien  u.  Hercegovina).  1 :  75,000.  56  sheets. 

Sarajevo. 

GeoL  Map  in  ‘  Geologic  d.  Bosnien- Hercegovina,’  by  Mojsisovics,  Tietze,  und 
Bittner.  1:376,000.  Ilbkler,  Vienna. 

GIAlicia.. —  Atlas  Geologiczny  Galicyi  (Wydawoictwo  Kcmisyi  Fizyjograficznej 
Akademii  Uniiejetnosci).  1 : 75,000.  103  sheets.  Cracow. 

RonmaJiia.  —  Hart  a  Geologica  Geiierala  a  Eoinaiiei  (Birone  Geologic.  Universitat, 
Bucharest).  1  : 200,000.  54  sheets.  Bueliarest. 

Italy. — Carta  Geologiea  d’ltalia  (R.  Comitato  Geologico,  Corpo  Reale  delle  Miniere). 
1:100,000.  277  sheets.  Do.,  1:1,000,000.  2  sheets.  R.  Uficio  Geologico, 

via  Sta  Susanna,  Rome. 

Belpum. — Carte  Geologiiqne  de  la  Belgique  ^ Commission  Geologique  de  la  Belgique). 
1  :40,000.  226  sheets.  2  me  Lateraky  Brussels.  Bo.  (an.  earlier  survey, 

1  : 20,000,  not  complete,  and  sheets  reprad need  on  the  1  : 40,000'. 

Dewalque,  Carte  Geologique  de  la  Belgique.  1  : 500,000.  Vaillant -Cariiiane, 
Liege. 

Halland. — Geolog.  Kaart  van  Hederkiid  (Conimissie  vnor  liet  Geologisch  Oiiderzo-ek.). 
1  :200,000.  28  sheets.  Kruseman,  Haarlem. 

Denmark.  —  Geologisk  Kort  over  Banemark  i^Daiimarks  Geologiske  Bndersogelse). 
1:100,000.  Eeitzel,  Copeohagen. 
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Sweden.- K  r  l.ir  nf  Sv^riRcs  t.■!e.)ioRi^l^a  Undersiikning.  Ser.  Aa,  1 :  50, 000.  350  sheets. 
S.T  Al'  ’  ■■'00  AOO.  00  sheets.  Ser.  Ac,  1  :  100,000.  Korstedt,  Stockholm. 
OtV«~ii.nek’iiV.s'’vet’iR.-  Gfologiska  I’lidorsokning.  1:1.500,000.  Xorstedt,  Stockholm. 
Horway,  -  Geol.  Kektaiigelkartur.  Xorges  Geologiske  Undersogelse.  1:100,000. 

lllalill  XorJii-e  Xor^e.  1:1,000,000.  Steenballes,  Christiania. 

Si Norite.  1  : 1,000,000.  Steenballes,  Christiania. 

Ea*sia.-~"i''arte  in^ulod^rat*  de  la  Paissie  (Commission  Geologiqne).  1:420,000.  145 

Do.,  1:2,520,000.  Eggers,  St.  Petersburg. 

(b'ol  Map  of  fOissi.i  ill  Compt.  rend.  Coiigres  Geol.  Internal.  St.  Petersburg,  1897. 
Carte  dcs  Cites  Miiiiers,  par  De  Muller  (Depart,  des  Mines).  1:4,200,000. 
St.  Petersburg. 

FMand. --Carte  Ceulogique  de  la  Fiiilande  (Commission  Geologique  de  la  Finlande). 

1 :  2011.000,  Do.,  1  :  400,000.  Helsingfors. 

SpanL  -Mapa  Ct'ologk-o  de  Es}ia!ia  (Comision  ejecutiva  del  Mapa  Geologico).  1:400,000. 
In  16  .sheets  or  64  quarter  sheets.  Madrid. 

Mapa  Ceiilogieo  de  Espaiia  [De  Castro ;  La  Comision  de  Ingenieros  de  Minas,  Mini- 
sterio  ile  Fomeiitob  1  :  l,500,o00.  I^Iadrid. 

Portuga.!.— ibirta  Geolugiea  de  Portugal  (Direceao  dos  Trabalhos  Geologicos).  1:500,000. 

Kill  do  Aren  a  Jesus.  Lisbon.  (See  also  Spain,  De  Castro.) 

Orenc©. — Pelo|M}ni3esiis  in  PhilippsoiCs  i)tT  1  :300,000.  Friedlander,  Berlin. 

Attica,  in  Lepsius’  Geologie  von  Attika  (K.  Preuss.  Akad.  'Wissenscliaft).  1 :  25,000. 
Ileimer,  Berlin. 

Switaerkud.— Geolog.  Karte  tier  Schweiz  (Geolog.  Kommission  d.  Schweiz,  ivraturforsch. 
GeselL).  1:100,000.  25  sheets.  Do.,  par  Heim  &  Schmidt.  1:500,000. 

Schmidt  k  Co. ,  Berne. 

Stiider  and  Escher,  Geolog.  Karte  der  Schweiz.  1:380,000.  Do.,  1:760,000. 

Wiirster,  Winterthur. 


ASIA. 

India,— Fred  i  min  ary  Sketch  Alap  in  Geology  of  India,  1st  edition,  issued  hy  the  Geol. 
Survey  of  India.  1  :  4,000,000  approx.  Geol.  Map  in  2nd  edition  of  Do. 

1  :  6,000,000  approx-  Geol.  Survey  Office,  Calcutta  ;  Triibner,  London. 

JapajL— Geological  Map  of  Japan  (Imperial  Geol.  Survey  of  Japan).  1  :  200,000. 
Reconnaissance  Maps  (Do.).  1  : 400,000.  General  Geolo^cal  Map  (Do.). 

1  :  1,000,000.  Geol.  Survey  Institute,  Tokyo. 

China, — Geological  Map  of  part  of  China  in  Richthofen’s  China.  1  :  750,000.  Reimer, 

Berlin. 

AMERICA,  XORTH. 

A  Catalogue  of  Geological  Maps  of  North  and  South  America.  J.  and  J.  B.  Marcou, 
Brnii.  U.S.  Gml.  Snrwp,  No.  7  (1SS4). 

Cfcmda.— Geological  Map  Sheets — Nova  Scotia,  New  Brunswick,  Ontario  (Geological 
Survey  of  Caiiadah  1  : 63,360.  Survey  Office,  Ottawa. 

Geneml  Geol.  Map,  1863  (Geological  Survey  of  Canada).  1  : 7,500,000.  Do.,  Logan, 
1S66.  1  : 1,500,000.  Survey  Office,  Ottawa. 

(leoL  Map  In  *  Ea|iiigse  Geologiqne  du  Canada,’  Logan  and  Hunt,  1855.  1 :  9,000,000. 
Boss&iige,  P&iis. 

Ke^wfomdlaiai.-— Geol.  Map  of  Newfoundland  (Murray,  Account  of  the  Geol.  Survey  of 
NewfoundltBi).  1  :1,584,000.  Stanford,  London. 
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United  States.— Geologic  Atlas  of  the  -.United  States,  in  folio  parts  (United  States 
Geological  Surrey ).  Various  scales.  Geol.  Survey  Office,  Wasbington. 

General  Geological  ^lap  of  tlie  United  States,  reduced  from  the  Geol.  Survey  Sheets 
by  ^V  .T  M‘Gee. 

General  Geological  Map  of  the  United  States  (Hitchcock,  American  Inst,  of  Alining 
Engineers,  18S6).  1 :  7,000,000.  Amer.  Inst.  Mining  Engineers  Office,  Xew  York, 

AMERICA,  CEXTRAL. 

Mexico.  — Bosqiiejo  de  Una  Carta  Geologica  de  la  Republic^  IMexicana  (Castillo  Insti- 
tnto  Geologico  de  Mexico).  1  :  :3,000,000.  Inst  Geol,  Secretario  de  Fomento, 
Mexico. 

Jamaicau — Geol.  Map  (Sawkins  and  C.  B.  Brown,  1S65,  Geol.  Siirvev’  of  the  IVest  Indies). 

1  :  250,000.  Ordnance  Survey  Office,  Southampton,  Eng. 

Trinidad. — Geol.  Map  (Wall  and  Sawkins,  1860,  Geol.  Survey  of  the  West  Indies'. 

1  :  250,000.  Ordnance  Survey  Office,  Southampton,  Eng. 

Barbadoes. — Geol.  Map  (Harrison  and  Jukes-Browne).  1 :  500,000,  ! 

AMERICA,  SOUTH. 

Geolog,  UbtTsichtskarte  des  Mittleren  Theiles  von  Siid-Amerika  (Haidinger  and 
Foetterle),  1854.  1  : 15,000,000.  KK.  Geol.  Inst.  Vienna. 

Argentina. — Mapa  Geologic©  del  Interior  de  la  Repnblica  Argentina  (Brackenbuscli). 
1  :  1,000,000.  Hellfarth,  Gotha. 

British  G-niana. — Geol.  Map  of  Brit.  Guiana  (Sawkins,  1870).  1 :  1,000,000. 

Geol.  Map  of  Brit.  Guiana  (Geol.  Survey  of  Brit.  Guiana,  Brown,  1873).  1 :900,000, 
Ordnance  Survey  Office,  Southampton,  Eng. 

Chili. — Carte  Geol,  in  Pissis’  ‘  Description  Geolog.  de  la  Repnhlique  de  Chili,’  1851. 
1  :  200,000.  Santiago. 

AFRICA. 

Egypt.-— Carte  Geol.  de  I’Egypte,  de  FArabie  Petree  et  de  la  Palestine  (Figari  Bey. 
fetudes  Geologiques  de  FEgypte,  etc.,  1864).  1 :  300,000  approx. 

Carte  Geol.  de  FEgypte,  etc.  (Zagiell,  in  ‘^Apei^ni  Geologique  des  Formations  Geol. 
de  FEgypte,  etc.’  1872).  1  :  2,000,000. 

Algeria. — Carte  Geologique  de  FAlgerie  (Service  de  la  Carte  Geol.).  1  :  50,000.  Baudry, 
Paris. 

Carte  Geologique  Provisoire  (Pomel  and  others).  1 :  800,000.  Jourdan,  Algiers. 

South  Africa. -“Geological  Map  of  South  Africa  (Dunn).  1 : 2,000,000.  Stanford,  London. 
Carte  Geolog.  du  Transvaal  (Molengraaf,  ‘  Esqiiisse  Geol.  de  la  Republiqiie  du  Trans¬ 
vaal,’ Soe.  Gt^ol.  France^  1901).  1  : 1,500,000.  Soc.  Geol.  France,  Paris. 

Geological  Map  of  the  Transvaal  (Struben).  1  ;  1,250,000.  Wyld,  London. 

AUSTRALASIA. 

New  South  Wales. — Geological  Map  of  Xew  South  Wales  (Geol.  Survey  of  X.S.W.  h 
1:506,880.  Do.,  1:077,120.  Do.,  1:1,393,920.  Dept,  of  Mines  and  Agri¬ 
culture,  Sydney. 

Victoria. —Geolog.  Map  of  Victoria  in  quarter-sheets  (Geol.  Survey  of  Victoria). 
1  :  125,000.  Do.,  1  :  506,880.  Do.,  1  : 1,013,760.  Dept,  of  Mines,  Melbourne! 

South  Australia.— Geol.  Map  of  S.  Australia  (Geol.  Survey  of  South  Australia). 
1  :  1,013,760.  Do.,  1  : 2,534,400.  Dept,  of  Crown  Lands  and  Mines,  Adelaide. 
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Queensland.  —  Geolog.  IMap  of  Queensland  (Geol.  Siirv.  of  Queensland).  1  :584,000. 
Dept,  of  Public  Works  and  Mines,  Brisbane. 

West  Australia.  —  Geolog.  Map  of  M'est  Australia  (Geol.  Surv.  of  W.  Australia). 
1:3,000,000.  Geolog.  Office,  Perth;  Philip,  London. 

Tasmania. — Geol.  ^lap  in  R.  M.  Johnston’s  ‘  Geology  of  Tasmania,  ’  1888.  1 : 1,150,000. 

Hobart,  Tasmania. 

Few  Zealand.— Geol.  Map  of  Xew  Zealand  (Geol.  Survey  of  N.Z.).  1  : 2,000,000.  Geol. 
Survey  Office,  'Wellington. 

In  addition  to  the  maps  there  are  for  some  countries  special  treatises  on  their  geology, 
.such  as  H.  B.  M’ood ward’s  ‘Geology  of  England  and  Wales,’  and  Lepsius’  ‘Geologic 
von  Deutschland.’  To  some  of  these  reference  will  be  made  in  the  course  of  this  volume. 
The  student  will  obtain  much  help  from  an  excellent  series  of  geological  guides  published 
by  Me.ssrs.  Borntraeger  of  Berlin,  of  which  ten  have  been  issued  dealing  with  the 
districts  of  Dresden,  Mecklenburg,  Bornholm,  Pomerania,  Alsace,  Riesengebirge,  Scania, 
Campania,  the  Aljus,  etc. 


BOOK  1. 


COSMICAL  ASPECTS  OF  GEOLOGY. 


Before  geology  had  attained  to  the  position  of  an  inductive  science, 
it  was  customary  to  hegiii  all  investigations  into  the  history  of  the  earth 
by  propoundiiig  or  adopting  some  more  or  less  fanciful  hypothesis,  in 
explanation  of  the  origin  of  our  planet  or  of  the  universe"  Such  pre¬ 
liminary  notions  were  looked  upon  as  essential  to  a  right  iinderetandiiig 
of  the  manner  in  wdiich  the  materials  of  the  globe  had  been  put  together. 

To  the  illustrious  James Hutton  (1785)  geologists  are  indebted,  if 

not  for  originating,  at  least  for  strenuously  upholding,  the  doctrine  that 
it  is  np__p_art  of  the  province  of  geology  to  discuss  the  origin  of  things. 
He  taught  them  that  in  the  materials  from  which  geological  evidence  is 
to  be  compiled  there  can  he  found  “  no  traces  of  a  beginning,  no  prospect 
of  an  end.”  In  England,  mainly  to  the  intiueiice  of  the  school  wdiieh  he 
founded,  and  to  the  subsequent  rise  of  the  Geological  Society  (1807), 
which  resolved  to  collect  facts  instead  of  fighting  over  hypotheses,  is  due 
the  disappearance  of  the  crude  and  unscientific  cosmologies  of  previous 
centuries. 

But  there  can  now  be  little  doubt  that  in  the  reaction  against  the 
visionary  and  often  grotesque  speculations  of  earlier  writers,  geologists 
were  carried  too  far  in  an  opposite  direction.  In  allowing  themselves  to 
believe  that  geology  had  nothing  to  do  with  questions  of  cosmogony, 
they  gradually  grew  up  in  the  conviction  that  such  questions  could  never 
be  other  than  mere  speculation,  interesting  or  amusing  as  a  theme  for 
the  employment  of  the  fancy,  hut  hardly  coming  within  the  domain  of 
sober  and  inductive  science.  Nor  would  they  soon  have  been  awakened 
out  of  this  belief  by  anything  in  their  own  science.  It  is  still  true  that  in 
the  data  with  which  they  are  accustomed  to  deal,  as  comprising  the  sum 
of  geological  evidence,  there  can  be  found  no  trace  of  a  beginning,  though 
there  is  ample  proof  of  constant,  upward  progression  from  some  invisible 
starting-point.  The  oldest  sedimentary  rocks  which  have  been  discovered 
on  any  part  of  the  globe  have,  no  doubt,  been  derived  from  other  rocks 
older  than  themselves,  while  the  oldest  known  eruptive  rocks  differ  in  no 
essential  particular  from  those  of  later  periods  and  give  no  clue  to  the 
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original  constitution  of  the  planet.  Geology  by  itself  has  not  yet 
revealed,  and  is  little  likely  ever  to  reveal,  a  portion  of  the  first  solid 
crust  of  our  globe.  If,  then,  geological  history  is  to  be  compiled  from 
direct  evidence  furnished  by  the  rocks  of  the  earth,  it  cannot  begin  at 
the  beginning  of  things,  but  must  be  content  to  date  its  first  chapter 
from  the  earliest  period  of  which  any  record  has  been  preserved  among 
the  rocks.  ^ 

Nevertheless,  though,  in  its  usual  restricted  sense,  geology  has  been, 
and  must  ever  be,  unable  to  reveal  the  earliest  history  of  our  planet,  it 
no  longer  ignores,  as  mere  speculation,  what  is  attempted  in  this  subject 
by  its  sister  sciences.  Astronomy,  physics,  and  chemistry  have  in  late 
years  all  contributed  to  cast  much  light  on  the  earliest  stages  of  the 
earth’s  existence,  previous  to  the  beginning  of  what  is  commonly  regarded 
as  geological  history.  Whatever  extends  our  knowledge  of  the  former 
conditions  of  our  globe  may  be  legitimately  claimed  as  part  of  the  domain 
of  geological  incpiiry.  If  Geology,  therefore,  is  to  continue  worthy  of  its 
name  as  the  science  of  the  earth,  it  must  take  cognisance  of  these  recent 
contributions  from  other  sciences.  It  can  no  longer  be  content  to  begin 
its  annals  with  the  records  of  the  oldest  rocks,  but  must  endeavour  to 
grope  its  way  through  the  ages  which  preceded  the  formation  of  any 
rocks.  Thanks  to  the  results  achieved  with  the  telescope,  the  spectro¬ 
scope,  and  the  chemical  laboratory,  the  story  of  these  earliest  ages  of  our 
earth  is  every  year  becoming  more  definite  and  intelligible. 

I.  Relations  of  the  Earth  in  the  Solar  System. 

As  a  prelude  to  the  study  of  the  structure  and  history  of  the  earth, 
some  of  the  general  relations  of  our  planet  to  the  solar  system  may  here 
be  noticed.  The  investigations  of  recent  years,  showing  the  community 
of  substance  between  the  different  members  of  that  system,  have  revived 
and  have  given  a  new  form  and  meaning  to  the  well-known  nebular  hypo¬ 
thesis  of  Kant,  Laplace,  and  W.  Herschel,  which  sketched  the  progress  of 
the  system  from  the  state  of  an  original  nebula  to  its  existing  condition 
of  a  central  incandescent  sun  with  surrounding  cool  planetary  bodies. 
According  to  this  hypothesis,  the  nebula,  originally  diffused  at  least  as 
far  as  the  furthest  member  of  the  system,  began  to  condense  towards  the 
centre,  and  in  m  doing  threw  off  or  left  behind  successive  rings.  These, 
on  disruption  and  further  condensation,  assumed  the  form  of  planets, 
sometimes  with  a  further  formation  of  rings,  which  in  the  case  of  Saturn 
remain,  though  in  other  planets  they  have  broken  up  and  united  into 
satellites.^ 

^  The  validity  of  the  nebular  hypothesis  as  ordinarily  understood  has  recently  been 
challenged  by  Dr.  F.  R.  Moulton,  who  has  brought  forward  calculations  and  arguments 
which,  if  sustained,  will  require  considerable  modification  of  the  computations  that  have 
been  made  as  to  the  heat  that  the  sun  has  radiated,  and  as  to  the  age  of  the  earth  (“An 
Attempt  to  test  the  Nebular  Hypothesis  by  an  appeal  to  the  Laws  of  ByimmicHP  A  strophysical 
Journal,  Chicago,  vol.  xi.  (1900),  pp.  103-130).  The  hypothesis  has  also  been  simultaneously 
attacked  by  Professor  Chamberlin  (“  An  Attempt  to  test  the  Nebular  Hypothesis  by  the 
relations  of  Masses  and  Momenta,”  Journ.  Qeol,  Chicago,  viii.  (1900),  pp.  68-73). 
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Afn‘|4iii^  tiii>  ut‘w,  m*  iiiiglit  r\|jrti  tlit‘  iiuitler  c<»rii|>o>iiig  tiie 
\iiiniB  Ilf  till'  >y>lvm  t«j  l.se  t*\ erywhert*  isiby -liiiiilar. 

Ihv  hvt  of  riiiitltiisiitioii  loiiiiii  lioirei'er.  |B‘ububli‘ 

of  tlt*!i'-itv  tliroiiyliifiit  the  iiolsiiLi.  Ihat  tlie  material-  cs^in* 
yioiiiy  the  lirlnila  imiy  liave  arrafiye*!  tlioiosehe.s  arrunliiiy  to  tlieir 
ilen^itirs,  the  iio|iie>t  iaaii|yiiiy  the  eiterion  aial  the  Iieaviest 
I  he  interior  of  tin*  toass,  h  hy  a  rMiy|-.ari-taj  of  tlie  deir-ities  of 

tlit3  These  heiiNities  are  ii-ual ly  d  a>  in  the 

table,  tkit  of  the  earth  heiiig  takt'ii  a-  the  iiialt : — 

Density  uf  the  Sail  .  .  .  . 

Mereiiry  .  .  .  1  ■Da 

,,  VeiiiH.  .  .  . 

,,  Eirlli  »  .  .  .  . 

,,  Mars  .  .  .  .  ^  '71' 

,,  Jwpiter  .  .  ,  .  i. 'Ll 

,,  Saturn  .  .  ~  .  .  '  ‘D* 

Uraims  .  »  .  .  .  ml  7 

,,  Xepiiiiie  .  »  .  .  .  .  C ‘Di 

It  is  to  hf‘  o!iser\etl,  howevei;  that  the  -densities  l.we  gir’eii  are  mean 
diaaitii-,  that  the  size  of  the  fhnivt  or  Miii  is  the  Tii* 

s,..  !'iiakiriy  no  allowaiiee  for  tlioiisiiriiis  of  i!nie>  deep  of  ekiidy 
t!  5i]'i>p!iore.  fltaire  the  fiiiiiihers  for  diipiter,  Satiiiii.  and  Uranos  are 
rf.iiiilr  ttRi  Miiall  that  for  the  sum  mueli  too  sonlL’'  ^  Taking  the 
tiuiirts  as  thi*v  stand,  wliik*  tiny  titi  not  iiitlicMte  a  strict  proyrio-siMfi  in 
tlir  iliniiiiiitioii  of  density,  they  state  that  the  plniiets  near  tlie  sun 
|.H>gsess  a  iliuisity  ahoiit  twice  as  great  as  that  of  granite,  but  tiiat  those 
lying  toiwirds  tlio  miter  limits  of  tlit^  system  ore  eoiiipasol  of  matter  as 
liglit  as  i‘ork.  Agaim  in  some  rases,  a  m’rnil.tr  iviatioii  has  l^eeii  oliserred 
hiUwiaui  tile  deiisitits  of  tlie  satellites  aii<l  their  priioarieN.  The  micm, 
far  example,  has  a  density  little  more  tlmii  half  that  of  the  earth.  The 
tir^t  satellite  uf  Jupiter  is  less  dense,  tliougii  the  other  three  are  said  to 
he  mure  dense,  tliaii  the  planet.  Further,  in  the  eoiiditioo  of  the  earth 
itstdf,  a  very  light  gaseous  atnn^spliere  forms  the  outer  p>ortiom  lieiieatli 
whirli  lies  a  heavier  layer  of  water,  while  within  these  two  envelopes  the 
iiiaterialg  forming  the  solid  siilfstaiiee  of  the  planet  are  so  arraiigeci  that 
the  outer  laver  iriist  has  only  ahoiit  lialf  the  deiisitv  of  the  whole 
globe. 

Aeeordiiig  tt>  tlie  hypothesis  now  under  c‘oiisideuitioi“  it  is  eoiiceived 
that,  ill  the  gradual  condeiisatiyii  (d  the  original  nebula,  wiieilier  com- 
|Miset!  of  iiieaiicioseeiit  gas  or  of  swarms  of  inetecrites  reduced  to  a 
viipoiiroiis  eoiiditioii  by  eollisiuii,  each  successive  mass  left  hehiiiil  repre¬ 
sented  the  density  of  its  ptreiit  shell,  and  eiiiisisteil  of  {>rogre$sivelv 
heavier  matter.-  The  remoter  planets,  wdtli  their  low  densities  and  vast 
^  Faofessor  Tait,  MS.  note. 

■  Oil  thei^rigiii  o{‘  S.itellites,  see  the  TeM^arclies  of  Prt3ff.ssor  G.  H.  It'ir'wiii.  Phil.  TrruLs. 
cKi.  p.  535  ;  /5vf'.  Xe.  ixx.  p.  1  ;  also  iiis  papers,  “  On  ligiireN  of  E<|iiilihrii2rii 

of  rotating  Mass^^s  of  Flmlg’  FhfL  Trans,  ck.w  iii.  giSS7.;:  and  “Ou  tlie  ileeliaiiical 
i'oiiditioii  of  a  Swariw  of  Meteorites  and  on  tlie  Theories  of  i'osiiiogoiiy,'*  FkH.  Tram. 
clxxx.  (1869L 
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.  ^  ,  i,  j<,  .’;|  |i.  Ki  ti  ?i)  (‘Jiivi.<t  «»f  metalloids,  like  tlie 

^5*  *  ‘  .  ’  ^  wliiu'-  the  interior  planets  are  no 

/,  .  *  i  ‘  1,  irj,  ,  1  v,nA  planetary  ring  would,  it  is 

♦  ^  ,  ‘I  '  :iit‘  nebulous  |>kiiet  to  siieli  a 

*  *  i!'  le  !  »  re.inanu^e  tliriiiselves  In’  degrees  in  sue- 

^  a'ue*tliiig  to  ileiisilies.  And  wken  the 

;  '  u  -eOt  "  t’i4  brt  ly  niig lit  he  expect ed  to  possess  the 

1  ,  '  I  1  :  *  n  f  1  L\ei>  uf  its  primarjA 

I  <  r  \  *  h  .  I  n-  iH  i  It'iii  e  available  as  to  the  actual  coniposi- 

t  <  %  .<  ■  hi  i’l f  tiir  own  earth  was  furnished  hy  the 

,,  I  u  h  from  time  to  time  have  entered  our 

,  ,  ^  m  I  n  and  have  cleHceiicletl  upon  the  surface 

1  ^  s  -kill  dieinkal  aIlalr^is  tlitx‘<e  foreign  bodies  show 

■  I  f-;h-  i4  t  Hiapi  dtiHii :  but  hi  no  case  have  they  yet 

-  1  \  a*  a  i  td’  e'3  ^  «  r  rut  nut  already  recognised  among  ter- 

<  a  i  ^  F?  ♦  V  Li\  '  btt  a  das- ’i tied  in  three  groups  :  Sidfritrs  or 
! 'p.  M -1  nabv  et  ‘hiiiT  of  iron;  Sideiviite.^  consisting 
!  ,  »  ‘  i  .  f  laidii-  -t  41!  ly  matt  rials  ;  and  .-/evo/ife,  formeil 

b  -to.'n"  iidiit  !\  h.  Tliet'e  groups  pass  into  each 

,  .  m  *  LUiyh  >  ^4  a  tiara  hih  of  them  may  occur  in  the  same 

r  ,  .  ,a  Of  the  five  tei it htrisi!  elements  which  have  been 

J  ♦  *  i  ii  'veto.ri^f^  !bo  nr t-t  f!ta|Uiiit  ai e  iron,  nickel,  phosphorus, 
1:  lib  )!r  db' on,  inagiii  him,  calcium,  mid  alimiiiiiiim. 

i  1  o  I  iru!.^  "n  ^llnllt  r  i|im!Uities  are  hydrogen,  iiiteogcn, 

I'l  ’  ’,p>,  !.thnnii,  ^  ^diiian  titaiiiiiBi,  cliromiimi,  manganese, 

t  ’%  b.  1  *,  .C'lir  Haw  Um  ar.d  coppti’.  Tlit^se  various  elements  occur 

ft  r  t!  '  I'  I  1ft  w  of  o  nddiKitiiin.  The  iron,  as  an  alloy  with 

.H  ki  »  a  imbijiit  coiistitiieiit  of  metemrites,  iiiasmucli  as  it 

'a  d- .i*  J;t  ttibcr- put  t‘girlitw  The  phosphorus  is  fcomhined  with 

k  i  I  .<  /  u;  f ‘  it  t'  V'h  ’  >i«ti  ^  ul  t’j  .*  Siiii  '  ISI^Thi  ‘Thfe*  ^Mfteoritic  fiypotliesis ’ 

'1  r..u  ii.  \  ViH*'  l!*‘k7  .  llruikTA  imt#r€>stetl  in  thf  liistoriral  develop- 

:  '  *  tl  1  ^  vkl  fiMi  I  i  ].  uiattrr,  bearing  oil  the  qiiestioms  clis- 

'  ^  !  Iv  '  1  B  ’  (  .  ‘Lk'-oiTru-  111  Tlieoietkal  Ueologv,’  1S34, — a  woi-i  iiotakly 

kl  it'!  i<  , '  t, 

‘  »  "  m  '  I  ii!  Ikit'  ‘VulUt  MUKiooteii  ’  Vie^iua,  1S4S.  Rose,  AMand.  kdnigl. 

i>  ^  '  U  **!M,  Ik  j  .  f  k.!»  w,  ‘  i'bu'ii 'i*!.t  Xatiir  <l  *r  Mi'teoritt'B,’ 1870-79.  Tseher- 

i  ^  t  ri'  ‘t  Ik  V  ifHiiii  ,!x\i.  I  "Dio  Mikrosiopiselie  Beseliaffeaheit  der 

¥  %  I  ck,  ■-*  r”  aU,  " A.  F.  Xti«k‘n->ki*K-l,  ‘  StwlitT  oeli  Forskiiingar  fiiraiiledda  af 
1.  .  hi  w  ^  f  %!«.»  at  |>p,  127-227  an  interesting  dis- 

<f  tilt*  e'ftsitiie  aiatter  that  falls  to  tlie  earth’s 
^  *'!<►«  •! '  tiki  Tt-ft.!  to  ti  »  K.'iiit-I-'iyk*s’c  nebular  iiy|-M>tliesis.  Danbree,/ Etudes 
*,  'r  *'  iB  litale,’  ;  ‘  iiivldMes  tin  GIob€,’'  1892. 

t\  I  •*’'  0,  ‘t>-  s*»nt’lkr  iird  Zi'-amaiwwt/iiaf  d«  MeteorelsenF  Stuttgart,  1S8S. 

i  k  C.,  *  ¥.  Ar'.<ist  ”1- -tii.iM  !!,  li*  !  .  I.  Ak  A.  Jiffi.-ivl.  wf Yieiitia.  W. 
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irt  fii*  i<i  i  iy  I  I  Mole  >i  rtov  Ik'b  F  I  "yfafnjw^  ISStl,  0.  C.  Farriiigtoii,  Jown. 

\  4  |<  !2t1  ,  iv.  fw  71.  Ii4  ?I0 1  722,  €21.  A  wtfnl  eomp^iidiam  of  infoima- 

%i  i'  4  •’  *  f  -%i4’  U*  tiQiii  'i*  E,  A.  WnMii|'k  ^Bic^  in  Saiiinilnng^tt  nnd 
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iiirki  1  diiil  .-i;i  'i.uit*:!-  ^  1 

tlt'nii  nt>  tiriiir  iiKifriH-  sta..*  ’i’Im-  li-  .’i'  ai  k  u  .ih  f  ’i'  .1 

ot c‘!u«itil  ga’<s‘  aiici  aaikoi!  ;i-  7rip7t<'.  .i-  A’Ldii  ii  a  Hf  f Br.- 

ti^ifiN  «j|  ?ri  jh  ann  it t*'«,  ^  >b  ?  ,  ?i.  fi  !  r*  ^  •<  ^  iwC'^  k 

iiiini‘ral?3,  «‘tinipriM*  u]i«»A,s  fit  :}\  r,^  m  :  a* 'k''  u”  ;  uir;>  i>  >’Lp]j:  k  ^ 


dihatts.  lint  orliem  hue  ^sei;  ulAkik, 
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h  v.t  k 
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hi  ’, 

id  IV- 

riiaginlito,  eliroiidte,  ets  Th  i*  i- 
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rniiiUiiiefl  with  hydrogeit  iiiit!  it\\  v,  r 

.  i. 

Ui  H 

,-tb  •' 

is,  \  ill: 

a  biiHniiiiOTis  suit  I!.  All  iiuieai.t*'-  !rd; 
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f:irk>!i  dinxitlp,  iiitr<\i4eiu  Mini  tlit'  aiia-sia^  \a.  iVi-in  Ib>< 

tliaii  aiie  ?i>iiiiii»^  to  iipmairii^  *»t  fary.-v'tia  o--  .t'^tiajc  i  ro- 

pH'tioH  fraiii  iron  aiMl  stiiiie  iiMiaorifta  Ink!  a 

MaftH  litt'S  piaaaLt  soiiif»  a  th^M'  of  tti- 

liHtriil  i^*iit*iHH  riwk^.  Tim*  a.  -tinman  tbs  -.ij.a  taat  uf 

bur^  Uaai  f*»iiitt|  llifim  niiil^  Ki.Oij  af  tliu  '■‘i-'Lrifo- aia  ]!t’rft'c!l}  lika 

tlumnaj  iii.na'-  faimb  i!itlie  ha.^alm  til  l»rovuIjii  I’  F*at  t'E’laia  iiiareai'itie 
.s;i  'ii  la-r-  djhit’A!  !a  b<  pei'iiii.aa  Sv.-ii  aja*  tlia  wribki.aoai  Widin^mtaltt  n 
h_a'’.iK‘'-.  Mii  tlio  liii'ko ’-io  >!.  \  ninl  ,r>n  thf  nrn 'jO  fMiia  kl  Fi'«r*ia  kin  aai;  a- 
•“fin  iiM/f*'-.  '  M:i2i\' im'tn iFitto  ^ t^au' ik.-’a  r ;  ti  a  fiaanniJr  >tni€- 

tiL*i‘  Via:  tlia!  of  \\ 4%'aii ie  .ii I ii  tiif!  i>  kr  Hd  ii;-- 

\kirimis  liiinrk^  liit\<*  Ih'i.'I!  »ia>  td  tLe  «  rk’m  -i'  '•<  e"i 

tlinsr  iM  mI’i'-.  wlra  a  laiiit:  to  •  ,i  pLiiim  fn«'a  '-pa*'!'.  Ik  .a  pA-' i.t  van 

III!  sit  bit  i-t  .■  IT  b:i-is  k'  f.T!  Ill  to  -i  r  tL;U‘.  Wi*' tiiiT 

tikasf*  kt'kipE  o»  I iio '*.'<»]  ir  \-kia.  n  rt ai'h  tn  troiA  il!1]i  tt  r  it‘^\ 

tliev  pi'toa  tl'at  at  lai-l  «f  tin.'  t  ami  crLk  rai-  witl 

we  iire  faniilia!'  tntefkl  !i#ri>iik  tif  inrat. 

But,  ill  rei'«'iit  vtviiT,  a  far  iiiio't  pi aul  ^4*  i]‘  raliy  avaiia'Ie  iretbcil 
af  rtseaiwli  iiUotlii*  rompn*?itio!i  of  the  tiaisr  li.ts  been  foiirai  in 

tbe  applieatioii  of  tie  ^pLWti'osu  )|  h  .  by  in  earn  i4  tiiis  iiii-tniikeiit,  tie 
li^ht  tiiiittcai  fanu  <elf~Iuiiii!it  m.-  lukik^  nia  It  aiAhmaii  in  w.ic-L  a,  war  as 
tti  diow  what  eleiikiits  ai'e  piV'Tiit  ir  thnr  iiitem-dh  bat  iiiiiiiiian^  Tapoiir, 
Witen  tlie  liydit  yf  the  iiitwia  ioa  <  af  lapniir  rf  n  iiietal  h  allowd  to  pas.' 
tbroiipdi  a  propmlj  arniiiged  piinii,  it  B  ^etn  to  *^h‘e  a  S|ieetrii!ii  Ci3n- 
histiii^  of  trails vtTr-^e  bright  iLies  oihj,  Thi<  is  ttriiiet!  a  onb  't'-v- 
eymbr-o/a  Eiidi  element  ap|>tki!‘&  iLi\e  it^  own  cha  met  eristic  anaii^T- 
m^iii  of  lines  wkieli  ingeiitral  rtva'm  the  siuie  ivlatiwe  position,  ii.teimity, 
ami  colours.  ^lorenwer,  g;ise.>  .iwl  the  va| minis  i»f  s  liii  lw>lle- are  fuiiial 
to  kitereept  tin  st,  n^’s  of  light  wliit’i  tiii'V  themselves  emit.  The  spotanirii 
of  sotiiiim- vapour^  for  example,  &liows  aiiioiig  ortlitm  two  lo'igbt  oraiige 
linens.  If  therefore  white  light,  from  some  liotter  light-SMorce,  ]msstT 
through  the  va|Kiiir  of  siRliiiiii,  these  two  bright  lints  hraiiiie  liark  lines, 
the  light  lieiiig  exactly  cut  otT  whicli  would  Iia^'e  Imeii  gi\eii  out  by  the 
sod  him  itself.  This  is  calltnl  iiii  •. 

^  O.  it  FiWfiiigtta,  /  '/f’...  ifV«A!*.  j‘i.  OJ,  oT,  171. 
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1  ,  ,  ’  s  o  I  ,  ’  M  ^  ^  B  11  ieirvA  t!iat  many  of 

,  t  »  p  -id  !i!r4  ovist  iit  the  state  of 

i-tea  )}  fill*  -nil.  Tiiiity-two  liiotmk 

.  '  >  a /.  r  -'liOPii,  iiijiigaiiese,  leutij 

:  >  'V  ,  *  <  *1  At  I  hhIhiiq,  and  iiKi|t" 

.  .  ,  I  ‘  H  >1  o  i'li  r-  •wliitii  ^irt‘  tk*  same 

^  .  .4  \ildrii  llitiy  liave  been 

,  '  '  5  .  .i  1,^*  ,,  f  i  ’’a:  »!iula»m  tilt  outer  mass 

\  ,  .  :  S'  N  I  e  !  I  *  I  *,  id'- 1  ob.-eiTatiuiis, 

.  <  '}  .  ’  !  B  do.  Ml  t«s  tin  ir  ri-pfvli^’e  tleiisitles. 

r  ,  ,  I  ■BiMka'  ‘-ill.  ih  futal  1 1*' ipsos,  eic.ti‘!i<!s  to 

\  .  .4  'b»'  vi  tilt'  oiiu  v's ai>i>ts  liiaiiilr  of 
te  M'.o'’  !?  i  'B'O  .e  '  ekififoit  ^ilihh  iiiay.be  new, 

'  *  ‘  .  a,  f  ‘  -i  tile  (draiisMspliere,  wlieit 

'  1.  I  .  i  -  I  !■'  i  \  io  ,  di  b^fi,  ;aid  liia^BR‘simil  ciiii  be 

•  I'  I  d  ^  ad  ? :  -"eoiHtlu  fiie^eiu'e  of  SiRliiiiiij 

‘  ’  '  M'  -1 1. '  H -Vi  1  ’ ,  1  i-  \  Ml  ill*'  .  /  kvi  rj  of  intensely 

,  ’  bii‘  h  !]»*!*  knlLiint  ylmtospbere,  drives 

B  f.  t  !  '  if'i'B  da  e\kB  a  e  af ’I  iHuiideMviit  imiij  laaiigaiiese, 

’  !  ^  1  ‘  ^<1,  Biu  “liia'i  a i  !i  le'Ttstriil  iiidak"* 

d  .  |m  d‘ >.dM  M.t,  k)er\.i‘  !kit  ii:  tlie-e  i4|)ei*trosec}|ilo  researches 

'id  MiB  «  '‘/i  II  ^  f  *be  *v  TH  vi<  hj  I  ItNirieal  aetiaii  wasiiot  coiisMlereti 

'  ..M  MBr  B  I  di  tilt  be  t  at  >’hi^  punigriipli  liiive  been  founded 

ill  Ifit  h  e  lint  the  ip  tlie  spvtniiii  of  any  tdtaiieiit  are  al 

I  '<  *M  o.  M  ^  dr  B  01-  t)l  tie'  .l  d^  ales  tlkit  tieiBeiit.  Jliit  Sir  ddimiaii 

L'A.t!  i -I''  tilt  thb  iitB?  Hi  ir  after  all  k^  but  a  roiigli 

4r.i  waO’M'i  ♦  ^  dj  B’li+u:  tlut  it  i  .ay  be  hk  le  aeciiriite  to  saj,  as  a 
.  ad  f  d^t  1 04 1'  1 1 '4  Btiy  .M|Hirea,  tliat  tlow  »  \ist  bade  elements  coimnon 
I  .  d4  aa  'I  'i. «  y  an  1  to  tlii‘  -Mlir atinu-^plitTB,  untl  iliat  the sjreetriiiii  of 
I  ..‘0  <'  d^t  -  n  -liUiii  .np  !i  t  f  the  >pf  tlratf  mirioiis  iiiolerukr  complexities 
d' L  .ill  4'\^b  n!  iliflbroit  laMpeiatm-eB  tiie  Amplest  only  being  found 
a  d  •  i  a  a  a  !  ui  tli«  -am  ^ 

Id-  ■uro  iiH  liktniM"  been  >iieressfiilly  a|3piied  by  Sir 

d’i  d’u  jod  itlm^  to  the  « b-f nvatieii  of  the  fixed  stars  and 

’*  a  ’odi  tlj  fi-!Lt  .Mi  t^'^trsblidiiny  a  siiidlaritv  of  elements  between 
I  .n#ii  and  odier  bniidj*  m  -die!  t*u!  In  the  mctiatioii 

a  '‘f  Pidfid,  ^l|•  Willimii  limb  the  hjdio|;i!i  biies  veiy  proiiiiiient  ; 
bmI  jn  iiip'MU'-  tkit  tliov  laav  be  gloming  iibi'-mn  of  that  element. 

T;iit  Iko  --iiad^ded,  on  the  otliei  liaiiil^  that  they  are  more 
I  .MU'b’-'  f  dialH  (4  o^ortM  tivoiieiitly  euikliiig  anil  thus  giving  oti‘  iii- 
<  i,i  ItBiOi!  >ir  Willbi!!  TIioiiinMh  hidw  Lord  Kehiii)  favours  this 

‘  *  I  n  4  .M  i|  d  1  tii  r.M' MiM.  B  ‘  kiM  Mioff  anti  Baiisrii,  ‘Ilein^mrelies 

M  ‘**',•4''  ...I,'  tk.,  >f'  I  ,t.  dif  ho  ‘li^M  --xir  It*  S|  t.tie  Ksxiiiial  dn  ^bk2^  ; 

\  u  ik^,  4  If  1  41  .  I'  10  .M  *i  ij.  S|  fOrnisi  Aiiai}*-K'  f Imtaimtiona! 

•  .'*7*'*'  ''  f  % ,  Hu,  .Mi*,  ii.tf  l''M.  17  >  »  V  r>,  xit.,  T/vow.  1S64  ;  Sir 

fiP'Mi  li  rr  ^  *''***. rMjP5>«s  .4 1,  i,  ,*  t' itenatSf  -  t  il4’!V  t  lt«  if. 

'**■  k  Hi  f  l^»ii  .  ^ Ik  1  0  «iLu  L.aoiij*  l‘  ‘(>  .  ItM/,  *Sf.  xxx.  |x  S3,  and 
H  \l  I  .  ,  t  f'  'xwt..  1%  iNd. 
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viin^,  whl.'li  i-  fu'tlhT  iw  ihiy  -  u  *1,^':  !•  ’*■’  i  ::  ^  '  ;  .> 

AllU>ni4  tll4‘  ii\t*»!  >‘-*/|  !i^;f . -p '<  t!  !  i* -  •*.  ■'  '  •'  •'-' 

In  a  '^triiftiirn  t!*i!  »  :r'  '•a*:,  i  >  .  ;.’l  '  a  *  .• 

li  iijrli  may  iH‘  '^siaii  mi'  ^  f  ^  i  i  j.  >,  *  <‘“r  >  --'  n  ^  ^  '  ■*  '  ..'mi 

^’i  tin  a  i  natitmyiiN  .-|  II I :  ni?  1  j.’  'm.  li.a.'-a:  a','  ]  v  a.  i’am*;.::* 

ni  Xnpiair}  Tlu -i.ii'  rn  -la 

nrli  to  liji\  e  Inn  <  !!  i'i!i  M  "ua  .  t  ’  .  a:  -i  •  o  a  a  j  • 

tlieir  imit.ariab  aii!  1?^  i,  rj  .a,,'  n  <:  ■  la  ar  .  a  ’<  a. a  a- 

i'.ill  i  la*  im  ,"1  ’il’iiii!!.!  <  ji'i'.a  n  -.j'.'i  ,a'  '".''tl  i 

the  liotm  si  4^  lrMl!.«.i  ‘  r  '  1/:  a  ^  a  .■;,  aa^n 

nf  tla*  pivn  in  ..  Isats-'';,  '  *f  'a  -  n.  :  i,..  ~  ^ 

Mitiiiiiii,  ulnieiiii,  iron,  A  Aiil  !"'arr  •  a  *n  :\,,FiF  i  \  tV* 

*i| ipuiiraiiw  ti  tlie  ollmi  itieiiK.  no  nhi!  e.  i-.  -  ■  e.  <•..  ,  o  ■  ’I  ■■'  -na 

woiilcl  llmi  hna  toiMi*!nraayT  n«l\  .'111  t!,  m  .i  -•  f  I^amnaai- 

tioft  of  nf  Its  iitMi'io.  It  *  »  a.ai  -  :'  ■  "i.i'.n,  im 

liiet'illoiA  f*\i  npt  inrhmi,  ;risi  i^n-ti’al^  siwa*  '  ,  a  >  .i-  ;  ^  ..  n  -aa  I  :  aiain 

Adi's  Mice  Sirlim tlm  po'-nno*  h!  ion  I-  ^  ..  n't’’  ’fit  ..,  iVs^  an 

|iro|M  Ji  tioii  yf  iinlaili*'  \a|)>  iir>  :  aiii  »ni  t!o“  ill..;'  ii.in  h  tj.*  lan  -t.ir- 
iinlinits*  fij  iiiL^r  ^pn-tri  tm  ir  i!.at<ian  \.n  ei, .  i  im*  .itnu!  iat  i 

i  f  nnti’iLtxis  )ii»  liit'in'c  It  11%  iiih  rrml  Ai.it  !  im’ r  a  .^^^.^.aOa'o  i-  a,v,rtliaii 
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existed.  Most  probably  the  first  formed  crust  \yas  broken  up  irregularly, 
and  not  until  after  many  siiccessiye  corrugations  did  the  surface 
acquire  stability.  Some  writers  liave  imagined  that  at  first  the  ocean 
spread  over  the  whole  surface  of  the  planet.  But  of  this  there  is  not 
only  no  evidence,  but  good  reason  for  beliering  that  it  never  could  have 
taken  place.  As  will  be  alluded  to  in  a  later  page,  the  preponderance 
of  water  in  the  southern  hemisphere  seems  to  indicate  some  excess  of 
density  in  that  hemisphere.  This  excess  can  hardly  have  been  iproduced 
by  any  change  since  the  materials  of  the  interior  ceased  to  be  mobile  ;  it 
must  therefore  he  at  least  as  ancient  as  the  condensation  of  water  on  the 
earth’s  surface.  Hence  there  was  probably  from  the  beginning  a  tendency 
in  the  ocean  to  accumulate  in  the  southern  rather  than  in  the  northern 
hemisphere. 

That  land  existed  from  the  earliest  ages  of  which  we  have  any  record 
in  rock-formations,. is  evident  from  the  obvious  fact  that  these  formations 
themselves  consist  in  great  measure  of  materials  derived  from  the  waste 
of  land.  When  the  student,  in  a  later  part  of  this  volume,  is  presented 
with  the  proofs  of  the  existence  of  enormous  masses  of  sedimentary 
deposits,  even  among  some  of  the  oldest  geologial  systems,  he  will 
perceive  how  important  must  have  been  the  tracts  of  land  that  could 
furnish  such  piles  of  detritus. 

An  ingenious  speculation  was  published  many  years  ago  by  W. 
Lowthian  G-reen,  who,  long  resident  at  Honolulu  as  minister  of  foreign 
affairs  to  the  King  of  the  Sandwich  Islands,  had  his  attention  directed  to 
geophysical  problems  hy  the  remarkable  volcanic  phenomena  of  these 
islands.^  Starting  from  the  ideas  jwopounded  hy  filie  de  Heaumout  with 
regard  to  his  rese/m  pentagonal,  by  which  the  distinguished  Trench 
geologist  endeavoured  to  account  for  the  distribution  of  the  leading 
structural  lines  on  the  surface  of  the  globe,  Mr.  Green  claimed  that  the 
only  geometrical  figure  which  Avill  fit  and  explain  these  lines  is  the  six¬ 
faced  tetrahedron,  a  form  which  he  conceived  to  have  resulted  from  the 
collapse  of  the  terrestrial  crust  upon  the  liquid  interior.  He  proceeded 
to  show  how  the  four  great  continental  masses  of  land  were  distributed 
about  the  four  acute  solid  angles  of  the  tetrahedron,  and  how  the  four 
principal  oceans  ranged  themselves  on  the  four  obtuse  solid  angles. 
Moreover,  he  regarded  this  fundamental  geometric  form  as  having  under¬ 
gone  a  certain  amount  of  deformation  from  the  effects  of  rotation,  to  which 
cause  he  ascribed  the  eastward  deviation  of  the  southern  parts  of  the 
continents,  and  likewise  the  great  line  or  plane  of  lateral  shift  which  is 
traceable  along  the  line  of  the  Mediterranean  ^ea,  by  the  Persian  Gulf  to  the 
East  Indies,  and  thence  by  Mow  Guinea  and  the  Solomon  Islands  across 
the  Pacific  Ocean,  Central  America,  the  West  Indian  Islands,  and  the 
Atlantic  hack  to  the  Mediterranean.  Mr.  Green’s  suggestion  has  in 
recent  years  been  revived  and  applied  by  different  writers  in  explanation 

^  His  ideas  were  first  troached  in  an  article  puhlislied  iii  1857  in  the  JUdmhurrjh  Hew 
Philosophical  Journal,  and  were  subsequently  elcaborated  in  his  work,  ^Vestiges  of  the 
Molten  Globe/  of  which  the  first  part  was  piibli.shefl  in  London  in  1875  and  the  second  and 
much,  larger  part  at  Honolulu  in  1887. 
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of  the  distribution  of  land  and  sea  and  the  positions  of  lines  of  voleainc 
energyd 


III.  The  Movements  of  the  E^rth  tn  tiieiii  CtEolo(H('Al  Rklatioxs. 

We  are  here  concerned  with  the  earth’s  motions  in  so  far  only  as  tluy 
materially  influence  the  progress  of  geological  phenomena.. 

g  1.  Rotation. — Tn  conserpienco  of  its  angnlai*  moment  uni  at  its 
ori^nal  separation,  the  earth  rotates  on  its  axis.“  Tln^  rat(^  of  notation 
has  once  been  much  more  rapid  than  it  now  is  (p.  30).  At  prc‘H(‘nt  a 
(^mplete.rola^^  in  about  twenty-four  hours,  a,iid  to  it^  is 

due  the  succession  of  day  and  night.  So  far  as  ohserv'atiori  has  y(it/  gnme, 
this  movement  is  uniform,  though  recent  calculations  of  tin*.  iiitluoii<;e  of 
the  tides  in  retarding  rotation  tend  to  show  that  a  very  slow  diminut  ion 
of  the  Angular  velocity  is  in  progress.  If  this  lie  so,  the  length  of  the 
day  and  night  wiJI  slowly  increase,  until  finally  the  duration  of  tln^  day 
and  that  of  the  year  will  he  equal.  The  earth  will  tluin  iiaA’c‘.  reached 
the  condition  into  which  the  moon  has  2)assed  relatively  to  the.  earth,  one 
half  being  in  continual  day,  the  other  in  perpetual  night 

The  linear  velocity  due  to  rotation  varies  in  ditferent  places,  aeef>rding 
to  their  position  on  the  surface  of  the  })lanet.  At  each  pole  tluua*  <'an  Ikj 
no  velocity,  but  from  these  two  points  towards  the  (‘(|uatoi'  there,  is  a 
continually  increasing  rapidity  of  motion,  till  at  the  e(|uator  it  is  (Hpial 
to  a  rate  of  507  yards  in  a  second. 

To  the  rotation  of  the  earth  are  due  certain  reniarkahle  influences 
upon  currents  of  air  circulating  either  towards  the  ccpiator  or  towards  the 
poles.  Currents  which  move  from  polar  latitudes  ti’avel  from  paain  of 
the  earth’s  surface  where  the  velocity  due  to  rotation  is  small,  to  of  liars 
where  it  is  great.  Hence  they  lag  behind,  and  their  courses  is  hemt  more 
and  more  westward.  An  'air  current,  quitting  the  north  polar  or  m>rth 
temperate  regions  as  a  north  wind,  is  deflected  out  of  its  course,  and 
becomes  a  north-east  wind.  On  the  opposite  side  of  the  equator,  a  siniiiar 
current,  setting  out  straight  for  the  equator,  is  changial  into  a  southua'ist 
wind.  Hence,  as  is  well  known,  the  trade-winds  have  their  charac.teriHtic. 
westward  deflection.  On  the  other  hand  a  current  setting  out  uortii- 
wards  or  southwards  from  the  equator,  passes  into  regions  having  a  less 
velocity  due  to  rotation  than  it  possesses  itself,  and  hence  it  travitls  on  in 
advance  and  appears  to  be  gradually  deflected  eastward.  Tins  a,orial 
currents,  blowing  steadily  across  the  surface  of  the  ocean  towards  thcj 

^  See,  in  particxilar,  A.  de  Lapparent’s  ‘Traitd  de  (Jcolo^u*.  ’ ;  Miclicd  Li’vy,  B.SJ/, 
France,  t.  xxvi.  (1898),  p.  105  ;  J.  W.  Gregory,  Jovrn.  Roif.  Geoff.  Soe.  xiii.  (1K90),  p.  225  ; 
M.  Bertrand,  Ooinptrend.  February  1900  ;  B.  K.  Emerson,  Bull  Ajner.  (M.  Bor.  xl.  (lOOlp 
'  p/ei ;  0.  H.  Hitcbcock,  Amer.  Qeol.  xxv.  (January  1900),  p.  1  ;  Cj.  It.  KeyeH,  J,wrn.  (M. 
X.  (1901),  P.-244. 

The  recent  observation  of  periodical  variation  of  terrestrial  latitudes  n«>tic(>.d  ptml'ra, 
p.  25,  demands,  according  to  Profes.sor  Bldudski  of  Moscow,  a  revision  of  the  tlusory 

of  the  rotation  of  our  planet.  Fattire,  liv.  (1896),  p.  161. 
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equator,  produce  oceanic  currents  whicli  unite  to  form  the  westward- 
flowing  equatorial  current. 

It  has  been  maintained  By  Yon  Baer^  that  a  certain  deflection  is 
experienced  by  rivers  that  flow  in  a  meridional  direction,  like  the  Volga 
and  Irtisch.  Those  travelling  polewards  are  asserted  to  press  upon  their 
eastern  rather  than  their  western  banks,  while  those  which  run  in  the 
opposite  direction  are  stated  to  be  thrown  more  against  the  western  than 
the  eastern.  When,  however,  we  consider  the  compai'atively  small 
volume,  slow  motion,  atid  continually  meandering  course  of  rivers,  it  may 
reasonably  be  doubted  whether  this  vera  causa  can  have  had  much  effect 
generally  in  modifying  the  form  of  rivet-channels. 

§  %  Revolution. — Besides  turning  on  its  axis,  the  globe  performs 
movement  round  the  sun,  termed  revolution.  This  movement,  accom¬ 
plished  in  rather  more  than  3G5  days,  determines  for  us  the  length  of 
our  year,  which  is,  in  fact,  merely  the  time  required  for  one  complete 
revolution.  The  path  or  orbit  followed  by  the  earth  round  the  $un  is  not 
a  perfect  circle  but  an  ellipse,  with  the  sun  in  one  of  the  foci,  the  mean 
distance  of  the  earth  from  the  sun  being  92,800,000,  the  present  aphelion 
distance  94,500,000,  and  the  perihelion  distance  9 1,250,000  miles.  By 
slow  secular  variations,  the  form  of  the  orbit  alternately  approaches  to 
and  recedes  from  that  of  a  circle.  At  the  nearest  possil)lc  approach 
between  the  two  bodies,  owing  to  change  in  the  ellipticity  of  the  orbit, 
the  earth  is  14,368,200  miles  nearer  the  sun  than  when  at  its  greatest 
jpossible  distance.  These  maxima  and  minima  of  distance  occur  at  vast 
intervals  of  time.^  The  last  considerable  eccentricity  took  place  about 
200,000  years  ago,  and  the  previous  one  more  than  half  a  million  years 
earlier.  Since  the  amount  of  heat  received  by  the  earth  from  the  sun  is 
inversely  as  the  square  of  the  distance,  eccentricity  may  have  had  in  past 
time  some  effect  upon  the  climates  of  the  earth. 

§  3.  Precession  of  the  Equinoxes. — If  the  axis  of  the  earth  were 
perpendicular  to  the  plane  of  its  orbit,  there  would  Ijc  equal  day  and 
night  all  the  year  round.  But  it  is  really  inclined  from  that  position  at 
an  angle  of  23°  27'  Hence  our  hemisphere  is  alternately  presented 

to  and  turned  away  from  the  sun,  and,  in  this  way,  ])rings  the  familiar 
alternation  of  the  seasons.  Again,  were  the  earth  a  perfect  sphere,  of 
uniform  density  throughout,  the  position  of  its  axis  of  rotation  would 
not  be  changed  by  attractions  of  external  l:)odies.  But  owing  to  the 
protuberance  along  the  equatorial  regions,  the  attraction  chiefly  of  the 

^  “Ueber  eiii  allgeiaemes  Gesetz  in  der  Gestaltinig  dtn'  Flussl)ett(m,”  JhtU.  Avad.  XI. 
PHersboury,  ii.  (1860).  See  also  Ferrel  on  the  motion  of  lluid.s  and  solids  relatively  to  the 
earth’s  surface,  Camh.  {M(m.)  Math.  Monthly,  vols.  i.  and  ii.  (1859-60)  ;  Dnlk,  E.  Drafi^r.h. 
Geul.  Ges.  xxxi.  (1879),  p.  224.  The  river  Irtisch  is  said  in  flowing  northward  to  havti  cut 
so  much  into  its  right  bank  that  villages  are  gradually  driven  eastwards,  Dcniiansk  having 
been  shifted  about  a  mile  in  240  years  {Nature,  xv.  p.  207).  But  this  may  be  accounted 
for  by  local  causes.  See  an  excellent  paper  on  this  sul)ject  with  special  reference  to  the 
regime  of  some  rivers  in  Northern  Germany,  by  F.  Klocknianii,  Jalirh.  Preuus.  (tvd.  Landm* 
anst.  1882  ;  also  E.  Diinker,  Zciisch.  far  die  gesammten  Natu rwi,^se nschuften ,  1875,  p.  463  ; 
G.  K.  Gilbert,  Amer.  Jour.  8ci.  xxvii.  (1884),  p.  427. 

^  See  Croll’s  ‘  Climate  and  Tirne,^  chaps,  iv.,  xix. 
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moon  and  sun  tends  to  pull  the  axis  aside,  or  to  make  it  describe  a 
conical  movement,  like  that  of  the  axis  of  a  top,  round  the  vertical 
Hence  each  pole  points  successively  to  different  stars.  This  movement, 
called  the  precession  of  the  equinoxes,  in  comlnnation  with  another 
smaller  movement,  due  to  the  attraction  of  the  moon,  completes  its  cycle 
in  21,000  years,  the  annual  total  advance  of  the  equinox  amountin^^  to 
621  At  present  the  winter  in  the  northern  hemisphere  coincides  with 
the  earth's  nearest  approach  to  the  sun,  or  In  10,r)U()  y(*arH 

hence  it  will  take  place  when  the  earth  is  at  the  farthest  part  of  its  or])it 
from  the  sun,  or  in  aphelion.  This  movement  was  believed  by  (h’oll  to 
have  had  great  importance  in  connection  with  former  secular  variations 
in  the  eccentricity  of  the  orbit. 

§  4.  Change  in  the  Obliquity  of  the  Ecliptic. — The  angle  at  which 
the  axis  of  the  earth  is  inclined  to  the  plane  of  its  orbit  d(><‘s  not  remain 
strictly  constant.  It  oscillates  through  long  periods  of  time  to  th(3  textent 
of  about  a  degree  and  a  half,  or  perhaps  a  little  more,  on  eitluir  side  of 
the  mean.  According  to  Oroll,^  this  oscillation  has  considerably  affected 
former  conditions  of  climate  on  the  earth,  since,  when  the  obli([uity  is  at 
its  maximum,  the  polar  regions  receive  about  eight  and  a  half  days’  jnore 
of  heat  than  they  do  at  present — that  is,  about  as  much  heat  as  lat.  76" 
enjoys  at  this  day.  He  thought  that  this  movement  may  have  augmented 
the  geological  effects  of  precession,  to  which  reference  has  just  been  made. 

§  5.  Stability  of  the  Earth’s  Axis. — That  the  axis  of  the  earth’s 
rotation  has  successively  shifted,  and  consequently  that  the  poh^s  ha,ve 
wandered  to  different  points  on  the  surface  of  the  globe,  has  b(3en  main¬ 
tained  by  geologists  as  the  only  possible  explanation  of  certain  rormukable 
conditions  of  climate,  which  can  he  proved  to  have  formerly  obtained 
within  the  Arctic  Circle.  Even  as  far  north  as  lat.  SH  45',  al>uridant 
remains  of  a  vegetation  indicative  of  a  warm  climate,  and  including  a  bed 
of  Coal  •  25  to  30  feet  thick,  have  been  found  in  situA  It  is  contended 
that  when  these  plants  lived,  the  ground  could  not  have  been  poi-manently 
frozen  or  covered  for  most  of  the  year  with  thick  snow.  ’  In  explanation 
of  the  difficulty,  it  has  been  suggested  that  the  north  pole  did  not  occupy 
its  present  position,  and  that  the  locality  where  the  plants  occur  lay  in 
more  southerly  latitudes.  Without  at  present  entering  on  the  discussion 
of  the  question  whether  the  geological  evidence  necessarily  requires  so 
important  a  geographical  change,  let  us  consider  how  far  a  shifting  of  the 
axis  of  rotation  has  been  a  possible  cause  of  change  during  that  section 
of  geological  time  for  which  there  are  records  among  the  stratified  rocks. 

From  the  time  of  Laplace,^  astronomers  have  strenuously  denied  the 
possibility  of  any  sensible  change  in  the  position  of  the  axis  of  rotation. 
In  recent  years,  indeed,  by  the  greatly  increased  precision  of  the  instru¬ 
ments  of  observation,  it  has  been  ascertained  that  this  position  is  not  re<ally 
uniform.  Lord  Kelvin  had  already  pointed  out  that  it  is  probably  affected 
by  the  movements  of  large  bodies  of  water  and  air  over  the  earth’s  sur- 

^  Trans.  Geol.  Soc.  Glasgow,  ii.  p.  117.  ‘Climate  and  Time,’  chap,  xxv, 

Fieldeii  and  Heer,  Quart.  Journ.  Geol.  Soc.  Nov.  1877. 

^  ‘M6cauique  Celeste,’  tome  v.  p.  14. 
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face  and  by  the  effects  of  the  enormous  periodical  accumulations  of  snow 
and  ice,  whereby  what  had  been  supposed  to  be  a  simple  and  regular 
movement  becomes  complicated.  Investigations  have  lately  been  ixncler- 
taken  to  ascertain  the  nature  and  amount  of  the  deviation,  and  by  the 
co-operation  of  a  number  of  olxservatories  clear  evidence  has  been  o])tained 
that  such  displacements  actually  occur.  From  the  results  of  nearly  6000 
observations  made  at  Kasan,  in  Easteim  Kussia,  at  Strasburg  and 
Bethlehem,  Pennsylvania,  it  appears  that  the  amplitude  of  the  movement 
of  the  pole  on  the  surface  of  the  earth  is  between  40  and  50  feet.  The 
movement  is  curiously  irregular  and  somewhat  spiral.^ 

These  proved  variations  in  the  position  of  the  earth’s  axis  of  rotation 
seem  to  be  too  slight  to  possess  much  effect  in  the  production  of  geological 
changes.  With  regard  to  more  serious  shifting,  it  has  been  urged  that, 
since  the  planet  acquired  its  present  oblate  spheroidal  form,  nothing  but 
an  utterly  incredible  amount  of  deformation  could  overcome  the  greater 
centrifugal  force  of  the  equatorial  protuberance.  It  is  certain,  however, 
that  the  instantaneous  axis  of  rotation  does  not  strictly  coincide  with  the 
principal  axis  of  inertia.  Though  the  angular  difference  between  them 
must  always  have  been  small,  we  can,  without  having  recourse  to  any 
extramundane  influence,  recognise  two  causes  which,  whether  or  not  they 
may  suffice  to  produce  any  change  in  the  position  of  the  main  axis  of 
inertia,  undoubtedly  tend  to  do  so.  In  the  first  place,  a  widespread 
upheaval  or  depression  of  certain  unsymmetrically  arranged  portions  of 
the  surface  to  a  considerable  amount  would  tend  to  shift  that  axis.  In 
the  second  place,  an  analogous  result  might  arise  from  the  denudation  of 
continental  masses  of  land,  and  the  consequent  filling  •  up  of  sea-basins. 
Lord  Kelvin  freely  concedes  the  physical  possibility  of  such  changes. 
‘‘We  may  not  merely  admit,”  he  says,  “but  assert  as  highly  pro])able, 
that  the  axis  of  maximum  inertia  and  axis  of  rotation,  always  very  near 
one  another,  may  have  been  in  ancient  times  very  far  from  their  present 
geographical  position,  and  may  have  gradually  shifted  through  10,  20, 
30,  40,  or  more  degrees,  without  at  any  time  any  perceptible  sudden 
disturbance  of  either  land  or  water.”  ^  But  though,  in  the  earlier  ages 
of  the  planet’s  history,  stupendous  deformations  may  have  occurred,  and 
the  axis  of  rotation  may  have  often  shifted,  it  is  only  the  alterations 
which  can  possibly  have  occurred  during  the  accumulation  of  the  stratified 

^  Professor  Forster,  Rejo.  Brit.  Assoc.  1894,  pp.  476-480,  “On  tlie  Displacements  of  the 
Eotational  Axis  of  the  Earth.”  He  gives  a  diagram  of  the  i>ath  described  on  the  ear  ill’s* 
surface  by  the  north  pole.  Professor  Chandler  had  shown  in  1891  that  the  rotational  axis 
makes  a  complete  circuit  around  the  axis  of  figure  in  about  428  days  instead  of  in  about  805, 
as  previously  believed  {Astrun.  Jouni.  No.  248,  1891).  See  also  his  observations  in  Xtfture, 
Ivi.  (1897),  p.  40.  More  recently  Professor  Albrecht  has  published  the  results  of  an  examina¬ 
tion  of  all  the  observations  from  the  beginning  of  1890  to  the  middle  of  1897  {Astrmi.  Nach. 
No.  3619).  A  brief  summary  of  his  paper,  with  a  diagram  of  the  rermirkaldy  erratic  move¬ 
ments  of  the  north  pole  during  the  period,  will  be  found  in  Eaticre,  Iviii.  (1898),  p.  42. 
More  recently  Dr.  J.  Halm  has  come  to  the  conclusion  that  the  changes  in  the  position  of 
the  earth’s  axis  of  rotation  are  intimately  connected  with  the  varying  display  of  forces  on  the 
surface  of  the  sun,  Nature,  Ixii.  (1900),  p.  460. 

^  Brit.  Assoc.  Rep.  (1876),  Sections,  p.  11* 
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rocks,  that  need  to  be  taken  into  account  in  connection  with  the  evidence 
of  changes  of  climate  during  geological  history. 

On  the  assumption,  based  on  so  many  kinds  of  evidence,  that  the 
earth  on  the  whole  is  practically  an  extremely  rigid  body,  it  is  difficult 
to  conceive  of  any  alteration  in  its  interior  which  could  now  so  seriously 
disturb  the  position  of  its  axis  as  to  produce  any  important  geological 
changes.  Lord  Kelvin,  for  instance,  has  estimated  “that  an  elevation  of 
600  feet,  over  a  tract  of  the  earth’s  surface  1000  miles  square  and  10 
miles  in  thickness,  would  only  alter  the  position  of  the  princiiml  axis  by 
one- third  of  a  second,  or  34  feet.”  ^  Then,  as  regards  the  effects  of 
denudation,  it  has  been  calculated  that  if  the  whole  high  plateau  of  Central 
Asia  together  with  the  Himalaya  mountains  were  worn  down  by  the  sub¬ 
aerial  denuding  agents  and  deposited  in  the  Indian  Ocean  under  the 
equator,  the  pole  of  the  axis  of  inertia  would  only  be  shifted  some  30 
kilometres  southward  along  the  central  meridian  of  the  plateau.'^ 

Professor  George  Darwin  has  shown  that,  on  the  supposition  of  the 
earth’s  complete  rigidity,' no  redistribution  of  matter  in  new  continents  could 
ever  shift  the  pole  from  its  primitive  position  more  than  3'’,  but  that,  if 
its  degree  of  rigidity  is  consistent  with  a  periodical  readjustment  to  a 
new  form  of  equilibrium,  the  pole  may  have  wandered  some  10°  or  15° 
from  its  primitive  position,  or  have  made  a  smaller  excursion  and  returned 
to  near  its  old  place.  In  order,  however,  that  these  maximum  effects 
should  be  produced,  it  would  be  necessary  that  each  elevated  area  should 
have  an  area  of  depression  corresponding  in  size  and  diametrically  opposite 
to  it,  that  they  should  lie  on  the  same  complete  meridian,  and  that  they 
should  both  be  situated  in  lat.  45°.  With  all  these  coincident  favour¬ 
able  circumstances,  an  effective  elevation  of  -jj-J^th  of  the  earth’s  surface  to 
the  extent  of  10,000  feet  would  shift  the  pole  11|-';  a  similar  elevation 
of  would  move  it  1°  46P  ;  of  of  4,  8°  44'.  Mr. 

Darwin  admits  these  to  be  superior  limits  to  what  is  possible,  and  that, 
on  the  supposition  of  intumescence  or  contraction  under  the  regions  in 
question,  the  deflection  of  the  pole  might  be  reduced  to  a  quite  insig¬ 
nificant  amount.^ 

Under  the  most  favourable  conditions,  therefore,  on  the  assumption 
of  the  earth’s  high  rigidity,  the  possible  amount  of  deviation  of  the  pole 
from  its  first  position  would  appear  to  have  been  too  small  to  have 
seriously  influenced  the  climates  of  the  globe  within  geological  history. 
•If  we  grant  that  these  changes  were  cumulative,  and  that  the  superior 
limit  of  deflection  was  reached  only  after  a  long  series  of  concurrent 
elevations  and  depressions,  we  must  suppose  that  no  movements  took 
place  elsewhere  to  counteract  the  effect  of  those  about  lat.  45°  in  the  two 
hemispheres.  But  this  is  hardly  credible.  A  glance  at  a  geographical 
globe  suffices  to  show  how  large  a  mass  of  land  exists  now  both  to  the 

^  Tmns.  OeoL  Soc.  Glas(/oio,  iv.  p.  313.  The  situation  of  the  supposed  area  of  upheaval 
on  the  earth’s  surface  is  not  stated. 

^  Professor  Schiaparelli,  ‘  Sur  la  rotation  de  la  terre  sous  I’influence  des  actions 
g^ologiques,  ’  St.  Petersburg,  1889,  p.  12. 

\  Phil.  Trans.  Nov.  1876. 


BOOK  I 


TEi:  EARTH’S  AXIS 


27 


nortiL  and  south  of  that  latitude,  especially  in  the  northern  hemisphere, 
and  that  the  deepest  parts  of  the  ocean  are  not  antipodal  to  the  greatest 
heights  of  the  land.  These  features  of  the  earth’s  surface  are  of  old 
standing.  There  seems,  indeed,  to  be  no  geological  evidence  in  favour 
of  any  such  geographical  changes  as  could  have  produced  even  the  com¬ 
paratively  small  displacement  of  the  axis  considered  possible  by  Professor 
Darwin. 

If,  however,  it  should  eventually  be  found  that  a  greater  degree  of 
plasticity  of  the  material  in  the  earths  interior  may  be  conceded  than  at 
present  seems  to  be  probable,  much  more  serious  shiftings  of  the  axis  may  be 
thus  explained.  As  remarked  by  Major-General  K.  von  Orff,  the  move¬ 
ments  of  the  pole  assume  a  wholly  different  character  if  we  ascribe  a 
greater  plasticity  to  the  earth,  or  if  we  assume  the  possibility  of  a  sudden 
and  complete  adjustment  of  the  mass  of  the  earth  to  the  rotation-pole — 
a  condition  to  which  the  planet  might  perhaps  have  approached  in  pre¬ 
historic  times.  On  this  assumption,  great  movements  of  the  pohi  in 
relatively  short  periods  are  not  excluded,  and  the  hypotheses  which 
many  geologists  have  adduced  in  explanation  of  certain  paleontological 
facts  by  greater  changes  in  the  position  of  the  axis  of  rotation  of  the 
earth  would  thus  obtain  a  mechanical  confirmation.”  ^  The  geological 
changes  here  referred  to  will  be  discussed  in  later  portions  of  this  text¬ 
book. 

Geologists  who  have  pondered  over  the  abundance  of  the  traces  of 
present  or  former  volcanic  action  distri])uted  over  th(i  surface  of  the  globe, 
over  the  evidence  from  the  compressed  strata  in  mountain  regions  that  the 
crust  of  the  earth  must  have  a  capacity  for  slipping  towards  certain  lines, 
over  the  great  amount  of  horizontal  compi^ession  of  strata  which  can  be 
proved  to  have  been  accomplished,  and  above  all,  over  the  secular  clnuiges 
of  climate,  notably  the  existence  of  former  warm  climates  near  the  noi-th 
pole,  have  anxiously  sought  for  some  solution  of  these  most  difficult 
problems.  When  they  were  compelled .  by  the  arguments  from  physics 
to  abandon  their  early  conception  of  a  thin  crust  over  a  liquid  interior,  the 
idea  was  suggested  to  them  that  their  difficulties  might  ])c  removed  by 
the  hypothesis  that  underneath  the  crust  lies  a  fluid  su])stratum  over  a 
rigid  nucleus,  and  that,  under  these  circumstances,  changes  in  latitude 
would  result  from  unequal  thickening  of  the  cnist.^  An  ingenious 
suggestion  was  made  by  Sir  John  Evans  that,  even  without  any  sensible 
change  in  the  position  of  the  axis  of  rotation  of  the  nixcleus  of  the  globe, 
there  might  be  very  considerable  changes  of  latitude  due  to  disturbance 
of  the  equilibrium  of  the  outer  portion  or  shell  by  the  upheaval  or 
removal  of  masses  of  land  between  the  equator  and  the  poles,  and  to  the 
consequent  sliding  of  the  shell  over  the  nucleus  until  the  equilibrium  was 
restored.^  Subsequently  he  precisely  formulated  his  hypothesis  as  a 

1  “Ueber  die  Hiilfsmittel,  Methoden  iiiid  Resultate  der  Iiiternaiionaleii  Erdmessinig,” 
Festrede,  AMd.  Wlssensch.  Munich,  1899,  p.  53  ;  Schiaparelli,  op.  df. 

2  Rev.  O.  Fisher,  Geul.  Mag.  1878,  p.  552  j  ‘Physics  of  the  Faith’s  Crust,’  2nd  edit. 
1889,  chap.  xi. 

*  Ptoc.  Roy.  Soc.  xv.  (1867),  p.  46. 


28 


GOSMIOAL  ASPECTS  OF  GEOLOGY 


book  I 


question  to  be  determined  mathematically;^  and  the  solution  of  the 
problem  was  worked  out  by  the  Rev.  J.  F.  Twisden,  who  arrived  at  the 
conclusion  that  even  the  large  amount  of  geographical  change  postulated 
by  Sir  J.  Evans  could  only  displace  the  earth’s  axis  of  figure  to  the  extent 
of  less  than  10'  of  angle,  that  a  displacement  of  as  much  as  1  O''  or  15' 
could  be  effected  only  if  the  heights  and  depths  of  the  areas  elevated  and 
depressed  exceeded  hy  many  times  the  heights  of  the  highest  mountains, 
that  under  no  circumstances  could  a  displacement  of  20"  be  effected  by  a 
transfer  of  matter  of  less  amount  than  about  a  sixth  part  of  the  whole 
equatorial  bulge,  and  that  even  this  extreme  amount  would  not  necessarily 
alter  the  position  of  the  axis  of  figure.'^ 

§  6.  Chang’es  of  the  Earth’s  Centre  of  Gravity. — If  the  centre 
of  gravity  in  our  planet,  as  pointed  out  by  Herschel,  bo  not  coincident 
with  the  centre  of  figure,  but  lie  somewhat  to  the  south  of  it,  any 
variation  in  its  position  will  affect  the  ocean,  which  of  course  adjusts 
itself  in  relation  to  the  earth’s  centre  of  gravity.  How  fai*  any  redis¬ 
tribution  of  the  matter  within  the  eai’th,  in  such  a  way  as  to  affect  the 
present  equilibrium,  is  now  possible,  we  cannot  tell.  But  certain  re¬ 
volutions  at  the  surface  may  from  time  to  time  produce  changes  of 
this  kind.  The  accumulation  of  ice  round  the  pole,  particularly  during 
a  glacial  period,  will  displace  the  centre  of  gravity,  and,  as  the 
result  of  this  change,  will  raise  the  level  of  the  ocean  in  the  glacial 
hemisphere.^  The  late  Dr.  Croll  estimated  that,  if  the  present  mass  of 
ice  in  the  southern  hemisphere  is  taken  at  1000  feet  thick  extending 
down  to  lat.  60°,  the  transference  of  this  mass  to  the  northern  hemi¬ 
sphere  would  raise  the  level  of  the  sea  80  feet  at  the  north  pole.  Other 
methods  of  calculation  give  different  results.  Mr.  Heath  put  the  rise  at 
128  feet;  Archdeacon  Pratt  made  it  more;  while  the  Rev.  0.  Fisher 
gave  it  at  409  feet.^  Subsequently,  in  returning  to  this  question,  Croll 
remarked  “that  the  removal  of  two  miles  of  ice  from  the  Antarctic 
continent  [and  at  present  the  mass  of  ice  there  is  probably  thicker  than 
that]  would  displace  the  centre  of  gravity  190  feet,  and  the  formation  of 
a  mass  of  ice  equal  to  the  one-half  of  this,  on  the  Arctic  regions,  would 
carry  the  centre  of  gravity  95  feet  farther;  giving  in  all  a  total  displace¬ 
ment  of  285  feet,  thus  producing  a  rise  of  level  at  the  north  pole  of  285 
feet,  and  in  the  latitude  of  Edinburgh  of  234  feet.”  A  very  considerable 
additional  displacement  would  arise  from  the  increment  of  water  to  the 
mass  of  the  ocean  by  the  melting  of  the  ice.  Supposing  half  of  the  two 
miles  of  Antarctic  ice  to  be  replaced  by  an  ice-cap  of  similar  extent  and 
one  mile  thick  in  the  northern  hemisphere,  the  other  half  being  melted 

^  Q.  J.  G.  S.  xxxii.  (1876),  p.  62. 

^  Q.  J.  O&ol.  8oc,  xxxiv.  (1878),  p.  41.  See  also  E.  Hill,  Oeol.  May.  v.  (2iid  ser.),  pp. 
262,  479.  0,  Fisher,  oj?.  at,  pp.  291,  551.  The  question  of  the  internal  condition  of  the 
globe  is  discussed  at  p.  65. 

^  Adhemar,  ‘Revolutions  de  la  Mer,'  1840. 

^  Croll,  in  Reader  for  2nd  September  1865,  and  Phil.  May.  April  1866  ;  Heath, 
Phil.  Mag.  April  1869  ;  Pratt,  Phil.  Mag.  March  1866  ;  Fisher,  Reader,  10th  February 
1866. 
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into  water  and  increasing  the  mass  of  the  ocean,  Dr.  Croll  estimated  that 
from  this  source  an  extra  rise  of  200  feet  would  take  place  in  the 
general  ocean  level,  so  that  there  would  he  a  rise  of  485  feet  at  the 
north  pole,  and  434  feet  in  the  latitude  of  Edinburgh.^  An  intermittent 
submergence  and  emergence  of  the  low  polar  lands  might  be  due  to  such 
an  alternate  shifting  of  the  centre  of  gravity. 

To  what  extent  this  cause  has  actually  come  into  operation  in  past 
time  cannot  at  present  be  determined.  It  has  been  suggested  that  the 
“  raised  beaches,”  shore-lines  (strmid-linien),  or  old  sea-terraces,  so  numerous 
at  various  heights  in  the  north-west  of  Europe,  might  1)6  due  to  the 
transference  of  the  oceanic  waters,  and  not  to  any  subterranean  movement, 
as  generally  believed.  Had  they  been  due  to  such  a  general  cause,  they 
ought  to  have  shown  evidence  of  a  gradual  and  uniform  decline  in  elevation 
from  north  to  south,  with  only  such  local  variations  as  might  be  accounted 
for  by  the  influence  of  masses  of  high  land  or  other  local  cause.  No  such 
feature,  however,  has  been  satisfactorily  established.^  On  the  contrary, 
the  levels  of  the  terraces  vary  witl^in  comparatively  short  distances, 
in  such  a  manner  as  to  indicate  actual  deformation  of  the  surface  of  the 
solid  earth.  Though  numerous  on  both  sides  of  the  mainland  of  Scotland, 
they  disappear  among  the  Orkney  and  Shetland  islands,  and  yet  these 
localities  were  admirably  adapted  for  their  formation  and  preservation.*^ 
The  conclusion  may  be  drawn  that  the  “  raised  beaches  ”  cannot  be 
adduced  as  evidence  of  changes  of  the  earth’s  centre  of  gravity,  but 
are  due  to  local  and  irregularly  acting  causes.  (See  Book  HI.  Part  I. 
Sect.  hi.  §  1,  where  this  subject  is  more  fully  discussed.) 

§  7.  Results  of  the  Attractive  Influence  of  Sun  and  Moon  on  the 
Geological  Condition  of  the  Earth. — Many  speculations  have  been  ohered 
to  account  for  a  supposed  former  greater  intensity  of  geological  activity  on 
the  surface  of  the  globe.  Two  causes  for  such  greater  intensity  have  Ijcen 
adduced.  In  the  first  place,  if  the  earth  has  cooled  down  from  an 
original  molten  condition,  it  has  lost,  in  cooling,  a  vast  amount  of 
potential  geological  energy.  It  does  not  necessarily  follow,  however, 
that  the  geological  phenomena  resulting  from  internal  temperature  have, 
during  the  time  recorded  in  the  accessible  part  of  the  earth’s  crust,  been 
steadily  decreasing  in  magnitude.  We  might,  on  the  contrary,  contend 
that  the  increased  resistance  of  a  thickening  cooled  crust  may  rather 
have  hitherto  intensified  the  manifestations  of  subterranean  activity,  by 
augmenting  the  resistance  to  be  overcome.  In  the  second  place,  the 
earth  may  have  been  once  more  powerfully  affected  by  external  causes, 
such  as  the  greater  heat  of  the  sun,  and  the  greater  proximity  of  the 
moon.  That  the  formerly  larger  amount  of  solar  heat  received  by  the 
surface  of  our  planet  must  have  produced  warmer  climates  and  more 
rapid  evaporation,  with  greater  rainfall  and  the  important  chain  of 

^  Croll,  Geol.  Mur/.,  new  series,  i.  (1874),  p.  347  ;  ‘Climate  and  Time,’  chaps,  xxiii. 
andxxiv.  and  posiea,  p.  286.  Consult  also  Fisher,  JPJuL  Atmj.  xxxiv.  (October  1892),  p.  337. 

^  The  student  ought,  however,  to  consult  Professor  Suess’  ‘  Antlitz  der  Erdc’  (or  the  French 
version,  ‘Face  de  la  Terre’),  for  the  arguments  in  favour  of  tlie  opinion  that  the  terraces  do  not 
involve  any  proof  of  change  of  level  of  the  land.  ^  Katare,  xvL  (1877),  ]>.  415. 
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geological  changes  which  such  an  increase  -would  introduce,  appears  in 
every  way  probable,  though  the  geologist  has  not  yet  been  able  to  observe 
any  indisputable  indication  of  such  a  former  intensity  of  superficial 
changes. 

Professor  Darwin,  in  investigating  the  bodily  tides  of  viscous  spheroids, 
has  brought  forward  some  remarkable  results  bearing  on  the  question 
of  the  possibility  that  geological  operations,  both  internal  and  superficial, 
may  have  been  once  greatly  more  gigantic  and  inpid  than  they  are 
now.^  He  assumes  the  earth  to  be  a  homogeneous  spheroid  and  to  have 
possessed  a  certain  small  viscosity,'*^  and  he  calculates  the  internal  tidal 
friction  in  such  a  mass  exposed  to  the  attraction  of  moon  and  sun,  and 
the  consequences  which  these  bodily  tides  have  produced.  He  finds  that 
the  length  of  our  day  and  month  has  greatly  increased,  that  the  moon’s 
distance  has  likewise  augmented,  that  the  obliquity  of  the  ecliptic  has 
diminished,  that  a  large  amount  of  hypogene  heat  has  been  generated  by 
the  internal  tidal  friction,  and  that  these  changes  may  all  have  transpired 
within  conqxiratively  so  short  a  period  (57,000,000  years)  as  to  place 
them  ([uite  probably  within  the  limits  of  ordinary  geological  history. 
According  to  his  estimate,  46,300,000  years  ago  the  length  of  the 
sidereal  day  was  fifteen  and  a  half  hours ;  the  moon’s  distance  in  mean 
radii  of  the  earth  wap  46*8  as  compared  with  60*4  at  the  present  time. 
But  56,810,000  years  back,  the  length  of  a  day  was  only  6f  hours,  or 
about  a  quarter  of  its  present  value,  the  moon’s  distance  was  only 
nine  earth’s  radii,  while  the  lunar  month  lasted  not  more  than  about  a 
day  and  a  half  (1  *58),  or  present  duration.  He  arrives  at  the 

deduction  that  the  energy  lost  by  internal  tidal  friction  in  the  earth’s 
mass  is  converted  into  heat  at  such  a  rate  that  the  amount  lost  during 
57,000,000  years,  if  it  were  all  applied  at  once,  and  if  the  earth  had  the 
specific  heat  of  iron,  would  raise  the  temperature  of  the  whole  planet’s 
mass  1,760°  Fahrenheit,  but  that  the  distribution  of  this  heat-generation 
has  been  such  as  not  to  interfere  with  the  normal  augmentation  of 
temperature  downward  due  to  secular  cooling,  and  the  coilclusion  drawn 
therefrom  by  Lord  Kelvin.  Mr.  Darwin  further  concludes  from  his 
hypothesis  that  the  ellipticity  of  the  earth’s  figure  having  been  con¬ 
tinually  diminishing,  “  the  polar  regions  must  have  been  ever  rising  and 
the  equatorial  ones  falling,  though,  as  the  ocean  followed  these  changes, 
they  might  quite  well  have  left  no  geological  traces.  The  tides  must 
have  been  very  much  more  frequent  and  larger,  and  accordingly  the  rate 
of  oceanic  denudation  much  accelerated.  The  more  rapid  alternation  of 
day  and  night  ^  would  probably  lead  to  more  sudden  and  violent  storms, 

^  Phil.  Tmns.  1879,  parts  i.  and  ii. 

^  Tlie  degree  of  viscosity  assumed  is  such  that  “tliirteeu  and  a  half  tons  to  the 
square  inch  acting  for  twenty-four  hours  on  a  slab  an*, inch  thick  displaces  the  upper 
surface  relatively  to  the  lower  through  one -tenth  of  an  inch.  It  is  obvious,”  says  Mr. 
Darwin,  “that  such  a  substance  as  this  would  be  called  a  solid  in  ordinary  parlance,  and 
in  the  tidal  problem  this  must  be  regarded  as  a  very  small  viscosity.”  Op.  cit.  p.  531. 

According  to  his  calculation,  the  year  57,000,000  of  years  ago  contained  1300  days 
instead  of  365, 
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and  the  increased  rotation  of  the  earth  would  augment  the  violence  of 
the  trade-winds,  which  in  their  turn  would  affect  oceanic  currents.”^  As 
above  stated,  no  facts  yet  revealed  by  the  geological  record  compel  the 
admission  of  more  violent  superficial  action  in  former  times  than  now. 
But  though  the  facts  do  not  of  themselves  lead  to  such  an  admission,  it 
is  proper  to  inquire  whether  any  of  them  are  hostile  to  it.  It  will  be 
shown  in  Book  YL  that  even  as  far  back  as  early  Palaeozoic  times,  that 
is,  as  far  into  the  past  as  the  history  of  organised  life  can  he  traced, 
sedimentation  took  plaoe  very  much  as  it  docs  now.  Sheets  of  fine  mud 
and  silt  were  pitted  with  rain-drops,  ribbed  with  ripple-marks,  and 
furrowed  by  crawling  worms,  exactly  as  they  now  are  on  the  shores  of 
any  modern  estuary.  These  surfaces  were  quietly  buried  under  succeeding 
sediment  of  a  similar  kind,  and  this  for  hundreds  and  thousands  of  feet. 
Nothing  indicates  violence;  all  the  evidence  favours  tranquil  deposit.^ 
If,  therefore,  Mr.  Darwin’s  hypothesis  be  accepted,  we  must  conclude 
either  that  it  does  not  necessarily  involve  such  violent  superficial  opera¬ 
tions  as  he  supposes,  or  that  even  the  oldest  sedimentary  formations  do 
not  date  back  to  a  time  when  the  influence  of  increased  rotation  could 
make  itself  evident  in  sedimentation,  that  is  to  say,  on  Mr.  Darwin’s 
hypothesis,  the  most  ancient  fossiliferous  rocks  cannot  be  as  much  as 
57,000,000  years  old. 

§  8.  Geological  Condition  of  the  Moon. — In  the  foregoing  pages  notice 
has  been  taken  of  some  of  the  relations  between  the  earth  and  its  satellite, 
and  further  reference  may  here  be  made  to  certain  aspects  of  the  moon 
which  bear  on  the  geological  history  of  our  planet.  The  inference  seems 
natural  “that  the  moon  and  earth  formed  originally  parts  of  one  heavenly 
body.  Professor  George  Darwin  believes  that  when  this  body  was 
rotating  so  fast  as  to  make  one  rotation  in  five  hours,  the  influence  of  the 
powerful  tides  induced  in  its  mass  by  the  sunsmay  have  actually  ruptured 
the  planet,  and  that  in  this  way  the  moon  may  have  been  suddenly 
thrown  oflf.^  Dr.  Osmond  Fisher  ^  has  suggested  that  possibly  the  great 
hollow  of  the  Pacific  Ocean  may  mark  the  scar  left  by  the  discharge  of 
our  satellite.  It  has  been  also  conjectured  that  the  moon  resulted  from 
the  rupture  of  a  planetary  ring  of  meteorites,  which  by  collision  became  a 
united  mass  of  gaseous  or  liquid  substance. 

The  moon  is  computed  to  have  a  diameter  of  2153  miles  (3464 
kilometres)  and  a  volume  about  one  forty-ninth  of  that  of  the  earth.  Its 
mean  distance  from  us  is  238,793  miles  (384,000  kilometres).  As  already 

^  Op.  cit.  p.  532. 

-  Sir  R.  Ball  {Ecdure,  xxv.  1881,  pp.  79,  103),  starting  from  Professor  Darwin’s  data, 
pushed  liis  conclusions  to  sucli  an  extreme  as  to  call  in  the  agency  of  tides  more  than  600 
feet  high  in  early  geological  times.  In  repudiating  this  application  of  liis  results,  Mr. 
Darwin  {Fature,  xxv.  p.  213)  employs  the  argument  I  have  here  nsed  from  tlie  absence  of 
any  evidence  of  such  tidal  action  in  the  geological  formations,  and  from  the  indication,  on 
the  contrary,  of  tranquil  deposit. 

^  Phil.  Trans.  1879,  part  ii.,  “The  Precession  of  a  Viscous  Spheroid  and  the  Remote 
History  of  the  Earth.” 

^  ‘  Physics  of  the  Earth’s  Crust,’  2iid  edit.  p.  338. 
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stated,  it  is  composed  of  materials  lighter  than  those  of  our  planet,  its 
density  being  little  more  than  half  that  of  the  earth,  or  about  three  times 
that  of  water.  No  certain  trace  of  an  atmosphere  has  been  detected  on 
the  moon,  nor  any  indication  of  the  presence  of  water.  Hence  the 
epic:ene  changes  which  play  so  important  a  part  on  the  surface  of  the 
earth  must  be  hardly  perceptible  on  the  moon.  Perhaps  the  only  effects 
of  that  class  which  are  produced  arise  from  the  strain  induced  by  the 
enormous  differences  of  temperature  between  day  and  night.  In  full 
sunshine  the  bare  rocks  must  be  heated  beyoixl  any  temperature  ex¬ 
perienced  even  in  the  driest  tropical  climates  on  the  earth,  and  at  night 
must  be  rapidly  cooled  down  towards  the  temperature  of  space.  Such  a 
strain  on  the  cohesion  of  the  rocks  may  possibly  induce  rapid  disintegra¬ 
tion,  though  it  must  be  admitted  that  no  undoubted  evidence  of  this 
decay  has  been  observed  on  the  moon’s  surface. 

But  if  the  epigene  agents  are  absent,  those  of  the  hypogene  kind 
appear  to  have  been  at  one  time  extraordinarily  active  on  the  moon. 
What  are  called  “craters,”  from  their  resemblance  to  the  cavities  of 
terrestrial  volcanoes,  have  long  been  known  to  be  scattered  abundantly 
over  the  moon’s  surface.  They  are  of  all  sizes,  from  such  as  can  only  be 
faintly  discerned  with  the  most  powerful  telescopes,  up  to  vast  caldron¬ 
shaped  abysses  with  walls  8000  to  15,000  feet  high.  It  is  computed 
that  the  total  number  of  visible  lunar  craters  of  all  dimensions  amouxits 
to  from  20,000  to  30,000.  There  does  not  appear  to  be  any  area  on  the 
surface  of  the  globe  where  a  similar  profusion  of  craters  can  be  seen. 
Not  only  are  the  lunar  examples  far  more  numerous  than  the  terrestrial, 
but  they  far  surpass  in  dimensions  even  the  most  colossal  of  those  on  the 
earth.  Yarious  theories  have  been  proposed  to  account  for  the  character¬ 
istic  features  on  the  moon’s  surface.  One  of  these  explanations  supposes 
that  when  the  main  mass  of  the  moon  was  liquid  and  surrounded  with  a 
thin  crust,  its  rotation,  then  more  rapid  than  now,  gave  rise  to  tides  by 
which  the  crust  was  rent  open  so  as  to  allow  some  of  the  liquid  of  the 
interior  to  flow  out  at  the  surface  and  then  subside  again.  As  the 
exuded  material  congealed  at  its  edges,  its  boundary  was  marked  ])y  a 
rim  of  hardened  rock,  which  was  increased  by  the  up  welling  caused  by 
subsequent  tides,  and  thus  circular  crater-walls  were  formed  around  a 
solid  lava  plain  in  the  centre.^  Another  view,  held  by  the  majority  of 
writers,  regards  the  craters  as  truly  relics  of  lunar  volcanoes  testifying  to 
a  volcanic  activity  immensely  more  energetic  than  anything  with  which 
we  are  acquainted  in  the  past  history  or  present  condition  of  the  earth. 
That  some  of  the  rocky  material  of  the  moon  is  akin  to  well-known 
terrestrial  lavas  was  inferred  by  M.  Landerer,  who  found  that  their 
polarisation  angles  coincided  with  those  given  by  obsidian  and  vitrophyre.^ 
Professor  Suess,  after  a  comparison  of  the  lunar  surface  with  the 
phenomena  of  terrestrial  vulcanism  and  the  behaviour  of  large  masses  of 
molten  material  such  as  are  seen  at  iron-furnaces  and  glass-works,  arranged 
the  evidence  furnished  by  the  moon  in  the  following  manner.  1st  Phase, 

1  Faye,  R&o.  ScL  xxvii.  (1881),  p.  130  ;  H.  Ebert,  Ann.  Phys.  Chem.  xli.  (1890),  p.  351. 

^  Cornet,  rend.  cxi.  (1890),  p.  210. 
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the  melting  of  great  plains  (Mare  Serenitatis ;  not  visible  on  the  earth). 
2iid  Phase,  a,  melting  without  uplift  of  the  surface  (Batholiths ;  granite 
of  Erzgebirge,  not  recognisable  on  the  moon),  h,  melting  of  craters  of  small 
diameter  and  quiet  up-welling  of  the  lava  (Hawaii,  Ptolemaeus,  Wargentin). 
3rd,  formation  of  fissures  with  rhapsodical  explosions  (Laki  in  Iceland, 
Vesuvius,  Maare  of  the  Eifel,  Crater-rills,  Hyginus).  As  local  conse¬ 
quences  of  eruptions  come  the  phases  of  fumaroles,  which  are  observed  on 
the  earth  in  26  and  3,  but  have  not  been  recognised  on  the  moon.''*-  No 
satisfactory  proof  has  yet  been  obtained  of  any  present  volcanic  activity 
in  the  moon  or  of  other  definite  changes  of  its  surface.  At  the  same 
time  certain  discrepancies  have  been  observed  between  some  of  the  older 
and  later  maps  of  lunar  topography  which  may  not  be  wholly  due  to 
erroneous  or  imperfect  delineation,  but  may  possibly  in  the  end  be  dis¬ 
covered  to  indicate  actual  volcanic  changes.^ 

A  third  class  of  opinions  regarding  the  lunar  “  craters  ’’  holds  theta  to 
be  most  probably  due,  not  to  any  action  within  the  moon,  but  to  the 
impact  of  solid  bodies  from  without.  This  view  has  been  especially 
developed  by  Mr.  Gr.  K.  G-ilbert,  who,  after  studying  the  moon’s  surface 
in  1892  with  the  2 6 -inch  refractor  of  the  United  States  Naval 
Observatory,  came  to  the  conclusion  that  the  phenomena  become  more 
intelligible  if  we  suppose  that  before  the  moon  came  into  existence  the 
earth  was  surrounded  with  a  ring  of  meteoritic  bodies  similar  to  those 
that  constitute  Saturn’s  ring  ;  that  the  small  bodies  in  this  terrestrial  ring 
eventually  coalesced,  gathering  first  around  a  large  number  of  nuclei  and 
finally  all  uniting  in  a  single  sphere,  the  moon.  The  lunar  craters  are 
thus  taken  to  be  the  scars  produced  by  the  collision  of  tliose  minor 
aggregations  or  moonlets,  which  last  surrendered  their  individuality. 
There  can  be  no  doubt  that  the  collision  of  bodies  moving  with  planetary 
velocities  may  generate  heat  enough  not  merely  to  melt  them,  but  to 
reduce  them  to  the  gaseous  condition.  It  has  been  computed  by  Mr.  R.  S. 
Woodward  that  a  body  falling  from  an  infinite  distance  to  the  moon’s 
surface  merely  under  the  influence  of  the  attraction  of  the  satellite  itself 
will  acquire  a  velocity  of  one  mile  and  a  half  per  second,  which  would 
more  than  suffice  to  fuse  the  body.  But  the  velocity  of  shooting  stars  is 
as  much  as  45  miles  in  a  second,  and  if  any  such  swiftly  moving  mass 
were  to  fall  on  the  moon  it  would  not  only  be  melted  itself,  but  a  con¬ 
siderable  tract  of  the  rock-mass  by  which  its  motion  was  arrested  would 
also  be  liquefied.  Mr.  Gilbert  believes  that  in  this  way  not  only  may  the 
crater  topography  of  the  moon’s  surface  be  most  satisfactorily  explained, 
but  that  a  number  of  other  features  ordinarily  obscure  may  be  accounted 
for,  such  as  the  furrows,  rills,  rill-pits,  and  white  streaks."* 

^  E.  Suess,  “Einige  Bemerkimgen  liter  denJMond,”  Siiz,  Akad,  Wi\ss,,  Vienna, 

Phys.  civ.  (1895). 

Pickering,  Nature.^  xlvi.  (1892),  p.  134;  xlvii.  p.  7.  On  the  absence  of  an  atniospliere 
in  the  moon,  see  G.  PI.  Bryan,  “  The  Moon’s  A.tm.osphere  and  the  Kineth*.  Theory  of  Gases,” 
Brit.  Asme.  1893,  pp.  682-685  ;  F.  F.  Grensted,  Prac.  LimrponI  Oeol.  Sac.  Nov.  1887. 

^  G.  K.  Gilbert,  “  The  Moon’s  Face,”  Bull.  Philosoyh,  Soc.  Washingloti,  vol.  xii.  (1893)^ 
pp.  241-292. 
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G-EOGNOSY. 

AY  INVESTIGATION  OF  THE  MATERIALS  OF  THE  EARTH’S 
SUBSTANCE.. 

Part  L — A  General  Description  of  the  Parts  of  the  Earth. 

A  DISCUSSION  of  the  geological  changes  which  our  planet  has  undergone 
ought  to  he  j)receded  by  a  study  of  the  materials  of  which  the  planet 
consists.  This  latter  Branch  of  inquiry  is  termed  Geognosy. 

Yiewed  in  a  broad  way,  the  earth  may  be  considered  as  consisting  of 
(1)  two  envelopes, — an  outer  one  of  gas  (atmosphere),  completely  sur¬ 
rounding  the  planet,  and  an  inner  one  of  water  (hydrosphere),  covering 
about  three-fourths  of  the  globe  ;  and  (2)  a  globe  (lithosphere),  cool  and 
solid  on  its  surface,  but  possessing  a  high  internal  temperature. 

1. — The  E)iveloj)es — Atmosphere  and  Hydrosphere. 

It  is  certain  that  the  present  gaseous  and  liquid  envelopes  of  the 
planet  form  only  a  portion  of  the  original  mass  of  gas  and  water  with 
which  the  globe  was  invested.  Fully  a  half  of  the  outer  shell  or  crust 
of  the  earth  consists  of  oxygen,  which  probably  once  existed  in  the 
primeval  atmosphere.  The  extent,  likewise,  to  which  water  has  been 
abstracted  by  minerals  is  almost  incredible.  It  has  been  estimated  that 
already  one-third  of  the  whole  mass  of  the  ocean  has  been  thus  absorbed. 
Eventually  the  condition  of  the  planet  will  probably  resemble  that  of  the 
moon — a  globe  without  air,  or  water,  or  life  of  any  kind. 

1.  The  Atmosphere. — The  gaseous  envelope  to  which  the  name  of 
atmosphere  is  given  extends  from  the  earth’s  surface  to  a  distance  which 
has  been  variously  estimated,  according  to  the  methods  of  observation 
employed.^  From  the  phenomena  of  twilight  it  may  be  inferred  that 

^  Laplace  considered  that  the  atmosphere  has  a  volume  ahoat  1 55  times  that  of  the  rest 
of  the  earth,  and  is  arranged  lenticularly,  so  that  its  polar  diameter  is  about  4*4  times  and  its 
equatorial  diameter  about  6 '6  times  the  polar  and  equatorial  diameters  of  the  earth.  Hence, 
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the  atmosphere  must  be  at  least  45  miles  thick.  The  aurora  indicates  a 
sensible  atmosphere  at  100  miles,  and  clouds  have  been  detected  at  heights 
of  nearly  100  miles.  Meteorites,  which  become  incandescent  by  friction 
against  our  atmosphere,  sometimes  appear  at  heights  of  150  miles.  We 
may  therefore  infer  that  the  atmovsphere  stretches  for  at  least  that 
distance  from  the  earth’s  surface,  and  probably  in  a  state  of  extreme 
tenuity  much  farther.^  At  sea-level  the  atmosphere  presses  on  the 
earth’s  surface  with  a  weight  equal  to  that  of  a  layer  of  mercury  30 
inches  deep,  or  of  a  sheet  of  water  34  feet  deep.  Every  square  inch  of 
that  surface  thus  supports  a  pressure  of  14|-  pounds.  But  the  pressure 
rapidly  diminishes  with  height  above  the  sea.  At  a  height  of  18,500 
feet  it  sinks  to  only  one-half,  and  in  balloon  ascents  it  has  been  found 
at  twice  that  height  (or  seven  miles)  to  have  diminished  to  one- 
fourth. 

Many  speculations  ,have  been  made  regarding  the  chemical  composi¬ 
tion  of  the  atmosphere  during  former  geological  periods.  There  can 
indeed  be  no  doubt  that  it  must  originally  have  differed  very  greatly 
from  its  present  condition.  It  has  been  contended,  for  instance,  that 
originally  there  was  little  or  no  free  oxygen  in  the  atmosphere,  which 
may  have  consisted  mainly  of  nitrogen,  carbonic  acid,  and  aqueous 
vapour.^ 

Besides  the  abstraction  of  the  oxygen  which  now  forms  fully  a  half 
of  the  outer  crust  of  the  earth,  the  vast  beds  of  coal  found  all  over 
the  world,  in  geological  formations  of  many  different  ages,  doubtless 
‘represent  so  much  carbon-dioxide  (carbonic  acid)  once  present  in  the  air. 
According  to  Sterry  Hunt,  the  amount  of  carbonic  acid  absorbed  in  the 
process  of  rock-decay,  and  now  represented  in  the  form  of  carbonates, 
especially  limestones,  in  the  earth’s  crust,  probably  equals  two  hundred 
times  the  present  volume  of  the  entire  atmosphere.^ 


according  to  this  view,  it  miist.be  some  17,000  miles  in  depth  at  the  poles  and  about  26,000 
miles  at  the  equator.  Some  recent  researches  regarding  the  height  and  mass  of  the  atmosphere 
by  Mascart  are  given  in  rend.  cxiv.  (1892),  p.  93  ;  see  also  S.  Arrhenius,  Ofrera. 

Akad.  Stockholm^  1900,  p.  546  ;  Eckliolin,  ciL  1901,  p.  619. 

^  The  Eev.  W.  F.  Denning  states,  as  the  result  of  his  considerable  experience,  that  about 
20  per  cent  of  meteors  are  at  least  100  miles  high  at  the  instant  of  tlieir  becoming  visible, 
that  the  distance  is  rarely  as  much  as  150  miles,  and  seldom  reaches  beyond  130  miles — 
Hutfire,  Ivii.  (1898),  p.  541. 

-  Professor  (J.  J.  Koene,  as  quoted  hy  Dr.  T.  L.  Phipson  in  Gkmikcd  News  fox  1893  and 
1894.  Lord  Kelvin  has  speculated  on  the  absence  of  oxygen  from  the  juiniitive  atmosphere,  the 
presence  of  this  gas  now  in  the  air  being  probably  due  to  tlie  action  of  sunlight  on  ])lants 
{Nature,  Ivi.  1897,  p.  461).  In  a  paper  published  in  1900  [IHiil.  May,  5th  ser.  vol.  1.  pp. 
312,  399)  Mr.  J.  Stevenson  concludes  that  there  was  probably  a  time,  and  possibly  a  long 
time,  Avlien  there  was  no  free  oxygen  in  our  atmosphere,  and  that  “our  present  supply  of 
free  oxygen  has  been  all  i)ro(liiced  by  the  action  of  sunlight  on  vegetation.” 

•'  Brit.  Assoc.  Jiep.  1878,  Sects,  p.  544.  This  and  cognate  subjects  connected  with  the 
carbonic  acid  in  the  atmosphere  and  the  earth’s  crust  are  discussed  by  Professor  Cbaniberlin  in 
a  paper  on  ‘^The  Intliience  of  (Ireat  Epochs  of  Limestone-formation  upon  the  Constitution  of 
the  Atmosphere,”  Joum.  Oeol.  vi.  (1898),  pp.  609-621.  See  also  Professor  Plo'ghom  as  quoted 
by  Dr.  Arrhenius  in  Phil.  Mag.  1898,  p.  269. 
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Any  addition  to  the  existing  proportion  of  carbon-dioxide  in  the 
atmosphere  would  have  an  important  effect  on  climate,  seeing  that  this 
gas  possesses  so  marked  a  capacity  for  absorbing  heat.  Trofessor 
Arrhenius  has  estimated  if  the  present  proportion  of  the  gas  in  the 
atmosphere  were  increased  two  and  a  half  or  three  times,  the  effect 
would  be  to  raise  the  temperature  of  the  Arctic  regions  about  8  '  to  9  "  C., 
and  thus  to  bring  back  such  a  genial  climate  as  those  lands  possessed 
in  Tertiary  time.^  It  has  often  been  contended  that,  during  the 
Carboniferous  period,  the  atmosphere  must  have  been  warmer  and  with 
more  aqueous  vapour  and  carbon-dioxide  in  its  composition  than  at  the 
present  day,  to  admit  of  so  luxuriant  a  flora  as  that  from  which  the  coal- 
seams  were  formed. 

As  now  existing,  the  atmosphere  is  considered  to  be  normally  a 
mechanical  mixture  of  nearly  4  volumes  of  nitrogen  and  1  of  oxygen 
(1S[79*4,  O20‘6),  with  minute  proportions  of  carbon-dioxide  and  water- 
vapour  and  still  smaller  quantities  of  ammonia  and  the  powerful 
oxidising  agent,  ozone.  These  quantities  are  liable  to  some  variation 
according  to  locality.  The  mean  proportion  of  carbon-dioxide  is  about 
3*5  parts  in  every  10,000  of  air.  In  the  air  of  streets  and  houses  the 
proportion  of  oxygen  diminishes,  while  that  of  carbon-dioxide  increases. 
According  to  the  researches  of  Angus  Smith,  very  pure  air  should 
contain  not  less  than  20*99  per  cent  of  oxygen,  with  0*030  of  carbon- 
dioxide  ;  but  he  found  impure  air  in  Manchester  to  have  only  20*21  of 
oxygen,  while  the  proportion  of  carbon-dioxide  in  that  city  during  fog 
was  ascertained  to  rise  sometimes  to  0*0679,  and  in  the  pit  of  the  theatre 
to  the  very  large  amount  of  0*2734.  As  plants  absorb  carbon -dioxide 
in  the  day  and  give  it  off  at  night,  the  quantity  of  this  gas  in  the 
atmosphere  oscillates  between  a  maximum  at  night  and  a  minimum 
in  the  day.  During  the  part  of  the  year  when  vegetation  is  active, 
it  is  believed  that  there  is  at  least  10  per  cent  more  carbonic  acid  in 
the  air  of  the  open  country  at  night  than  in  the  day.^  Small  as  the 
normal  percentage  of  this  gas  in  the  air  may  seem,  yet  the  total  amount 
of  it  in  the  whole  atmosphere  probably  exceeds  what  would  Ije  dis¬ 
engaged  if  all  the  vegetable  and  animal  matter  on  the  earth’s  surface 
were  burnt. 

The  other  substances  in  the  air  are  gases,  vapours,  and  solid  particles. 
In  recent  years  the  researches  more  particularly  of  Lord  Eayleigh  and 
Professor  William  Eamsay  have  led  to  the  detection  of  a  number 
of  previously  unknown  gases  present  in  minute  quantities  in  the 
atmosphere.  Of  these  gases  the  most  important  is  that  to  which  the 
name  of  Argon  has  been  given;  others  are  Neon,  Helium,  Krypton, 
and  Xenon.  The  proportions  of  these  gases  in  air  are  thus  stated 
by  Professor  Eamsay. 

^  S.  Arrhenius,  Bihmig  K.  Vet.  Akad.  Stockholm,  xxii,  (1896),  No.  1  ;  PM.  May.  1896, 
pp.  237-276  ;  divers.  K.  Vet.  Akad.  Stockholm,  1901,  No.  1,  pp.  25-58.  r  3ut  see  also 
K.  Angstrom,  op.  cit.  1901,  pp.  371-389  ;  Professor  Chamberlin,  Jouni.  Ged.  v.  (1897), 
pp.  663-683  ;  vii.  (1899),  pp.  645-584. 

2  Professor  G.  F.  Armstrong,  Proc.  Roy.  Soc.  xxx.  (1880),  p.  343. 
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Air  contains  0-937  part  of  Argon  per  hundred. 

5,  one  or  two  parts  of  hTcon  per  hundred  thousand, 

j,  one  or  two  parts  of  Helium  per  million. 

„  about  one  part  of  Krypton  per  million, 

j,  about  one  part  of  Xenon  per  twenty  million.^ 

Of  much  more  consequence  than  these  minute  proportions  of  gases 
is  the  percentage  of  aqueous,  vapour  which,  always  present  in  the  air, 
varies  in  amount  according  to  temperature.^  It  is  by  this  vapour, 
together  with  the  carbon-dioxide  and  suspended  dust-particles,  that  the 
radiant  heat  in  the  atmosphere  is  absorbed.?  The  water- vapour 
condenses  into  dew,  rain,  hail,  and  snow,  and  is  thus  of  paramount 
importance  in  the  great  series  of  epigenc  processes  which  play  so 
large  a  part  in  the  geological  changes  of  the  earth’s  surface  (Book  III. 
Part  II.).  In  assuming  one  of  its  visible  forms  and  descending  through 
the  atmosphere,  the  previously  dissolved  and  invisible  vapour  takes  xxp 
a  minute  quantity  of  air,  and  of  the  different  substances  which  the 
air  may  contain.  Being  caught  ])y  the  rain,  snow,  hail,  or  dew,  and 
held  in  solution  or  suspension,  these  substances  can  be  best  examined 
by  analysing  rain-water  or  melted  snow  and  hail.  In  this  way, 
the  atmospheric  gases,  together  with  ammonia,  nitric,  suljDhurous, 
and  sulphuric  acids,  chlorides,  various  salts,  solid  carbon,  inorganic 
dust,  and  organic  matter  have  been  detected.  The  fine  microscopic 
dust  so  abundant  in  the  air  is  no  doubt  for  the  most  part  due  to 
the  action  of  wind  in  lifting  up  the  finer  particles  of  disintegrated 
rock  on  the  surface  of  the  land.  Volcanic  explosions  sometimes 
supply  prodigious  quantities  of  fine  dust.  There  is  probably  also 
some  addition  to  the  solid  particles  in  the  atmosphere  from  the  ex¬ 
plosion  and  dissipation  of  meteorites  on  entering  our  atmosphere. 
To  the  wide  diffusion  of  minute  solid  particles  in  the  air  great  import¬ 
ance  in  the  condensation  of  vapour  is  now  assigned.^  (Book  III.  Part  II. 
Sect,  ii.) 

The  comparatively  small,  but  by  no  means  unimportant,  proportions 
of  these  minor  components  of  the  atmosphere  are  much  more  liable  to 
variation  than  those  of  the  more  essential  gases.  Chloride  of  sodium, 
for  instance,  is,  as  might  be  expected,  particularly  abundant  in  the  air 
bordering  the  sea.  Nitric  acid,  ammonia,  and  sulphuric  acid  appear  most 
conspicuously  in  the  air  of  towns.  The  organic  substances  present  in 
the  air  are  sometimes  living  germs,  such  as  probal)ly  often  lead  to'  the 

1  ‘Tlie  Gases  of  the  Atmosphere,’  London,  1896,  p.  240  ;  Xiiture,  Ixv.  (1901),  p.  164. 

A  cubic  metre  of  air  ut  the  freezing-point  can  liold  only  4*871  gninnnes  of  water- 
vapour,  but  at  40'"  C.  can  take  up  50*70  grammes.  One  cubic  mile  of  air  saturated  with 
vapour  at  85°  C.  will,  if  cooled  to  O^  deposit  Upwards  of  140,000  tons  of  water  as  rain. 
Roscoe  and  Schorlemmer’s  ‘Chemistry,’  i.  p.  452. 

Tyndall  pointed  out  this  important  function  of  the  acjueous  vapour  of  the  atinoH])h(;r(!. 
S.  A.  Hill,  Proc.  Roy.  xxxiii.  pp.  216,  435.  See  also  A  rrl  uni  ins,  Ofrn's.  VeLAhid, 
Stockholm,  1901,  p.  54. 

^  On  the  dust  in  the  air,  see  IVIr.  J.  Aitkeii’s  papers  in  the  Proc,  Hoy.  Sor,  Kdhi., 
particularly  in  the  volume  for  1891. 
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propagation  of  disease,  and  sometimes  mere  fine  particles  of  dust  derived 
from  the  bodies  of  living  or  dead  organisms.^ 

As  a  geological  agent,  the  atmosphere  effects  changes  by  the  chemical 
reactions  of  its  constituent  gases  and  vapours,  by  its  varying  temperature, 
and  by  its  motions.  Its  functions  ,in  these  respects  are  described  in 
Book  III.  Part  II.  Sect.  i. 

2.  The  Oceans. — Rather  less  than  three-fourths  of  the  surface  of  the 
globe  (or  about  144,712,000  square  miles)  are  covered  by  the  irregular 
sheet  of  water  known  as  the  Sea.  Within  the  last  twenty  years,  mucS 
new  light  has  been  thrown  upon  the  depths,  temperatures,  and  biological 
conditions  of  the  ocean-basins,  more  particularly  l3y  the  Lightnirif}, 
Forcupine,  Chalhngor^  Tuscarora,  Blake,  Gazelle,  and  other  expeditions 
fitted  out  by  the  British,  American,  German,  Norwegian  and  Swedish 
Governments.^  The  ocean  which  up  to  the  present  time  has  l)een  most 
extensively  explored  is  the  Atlantic.  This  important  division  of  the 
hydrosphere  runs  as  a  long  and  winding  belt  of  water  between  the  New 
World  and  the  Old.  Towards  the  north  it  is  closed  in  by  a  submarine 
ridge,  which,  extending  from  the  north-west  of  Scotland  through  the 
Faroe  Islands  and  Iceland  to  Greenland,  separates  it  from  the  Arctic 
basin.  Stretching  from  the  Arctic  to  the  Antarctic  waters,  the 
Atlantic  Ocean  crosses  the  various  zones  of  temperature  which  girdle 
the  globe.  Its  central  parts  lave  the  shores  of  equatorial  America 
and  Africa.  North  of  these,  it  reaches  the  temperate  climates  of  North 

^  The  air  of  towns  is  peculiarly  rich  in  impurities,  especially  in  manufacturing  districts, 
where  much  coal  is  used.  These  impurities,  however,  though  sometimes  of  .serious  conse¬ 
quence  from  a  sanitary  point  of  view,  do  not  .seiisil)ly  aflect  the  general  atmosphere, 
seeing  that  they  are  probably  in  great  measure  taken  out  of  the  air  by  rain,  even  in  the 
districts  which  produce  them.  They  possess,  nevertheles.s,  a  special  geological  significance 
and  in  this  respect,  too,  have  important  economic  hearings.  See  on  this  whole  subject, 
Angus  Smith's  ‘Air  and  Rain,’  a  valuable  paper  by  Prof.  W.  N.  Hartley  and  Mr.  H.  Ranuige 
on  “  The  Mineral  Constituents  of  Bust  and  Soot  from  Varions  Sources”  {Pmc.  Roy.  Soc.  1901), 
and  the  account  of  Rain  in  Book  III.  Part  IT.  Sect  ii. 

^  See  Wyville  Thomson,  ‘The  Depths  of  the  Sea,’  1873  ;  ‘The  Atlantic,’  1877  ; 
the  voluminous  Report  of  Qliallenger  Expedition,  especially  the  two  “  Narrative  ”  volumes, 
giving  a  summary  of  results;  A.  Agassiz,  ‘Three  Cruises  of  the  Blake  I  1888;  I>ie 
Forscimngsreise  S.N.S.  Gazelle,  Berlin,  1889,  1900  ;  Ben  Norske  Fordhava- Expedition, 
1876-78,  in  seven  large  volumes  in  Norwegian  and  English,  the  last  of  which  was  issued 
in  1901  ;  The  Norwegian  North  Polar  Mxjwdition,  edited  by  Fridtjof  Nansen,  1893-96,  of 
which  three  volumes  have  l)een  published.  The  results  of  Swedish  hydrographical  research, 
1896-99,  are  summarised  in  BiJumg  Vet.  Alzad.  Handling,  Stockholm,  xxv.  ii.  (1900),  p.  1, 
Avitli  an  English  synopsis  and  numerous  map.s  of  North  Sea.  Besides  these  more  compendious 
works,  an  extensive  literature  has  grown  up  in  recent  years  on  the  subject  of  oceanography. 
Numerous  papers  will  be  found  in  the  journals  of  the  different  Geographical  Societies,  ami 
various  separate  treatises  have  been  devoted  to  the  subject,  such  as  Thoulet’s  ‘  Oceanographie,’ 
2  vols.,  Paris,  1890-96  ;  Boguslawski  und  Kriiramel,  ‘  Handbuch  der  Ozeanographie,’ 
Stuttgart,  1884-87;  Kriimmel’s  ‘Der  Ozean,’  Leipzig,  1886  ;  J.  Walther’s  ‘Allgemeine 
Meereskunde,’  Leipzig,  1893.  Copious  references  to  the  literature  ©f  the  subject 
will  be  found  in  Professor  '  Siipan’s  ‘  Gnindziige  der  Physischen  Erdkimde,’  Leipzig, 
1896;  and  still  more  in  Professor  Gtinther’s  ‘Handbuch  der  Geophysik,’  il,  Stuttgart, 
1899. 
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America  and  Europe.  At  the  southern  end  it  enters  the  icy  Polar 
regions.^ 

A  further  feature  of  geological  importance  is  seen  in  the  fact  that, 
owing  to  the  arrangement  of  the  continents  which  bound  it  on  the  west 
and  east,  the  Atlantic  receives  a  far  larger  river-drainage  than  any  other 
ocean.  The  map  shows  that  down  the  whole  length  of  America  ail  the 
large  rivers  flow  eastward,  and  therefore  fall  into  the  Atlantic — the  St. 
Lawrence,  Mississippi,  Orinoco,  Amazon,  and  La  Plata.  In  Europe  and 
Africa,  if  we  include  the  rivers  which  enter  the  Mediterranean  and 
Black  Sea,  by  far  the  largest  proportion  of  the  drainage  finds  its  way 
into  this  ocean  by  such  important  rivers  as  the  Eliine,"  Eh  one,  Danube, 
Dnieper,  Nile,  Niger,  and  Congo,  The  Atlantic  basin  is  thus  the  great 
reservoir  into  which  the  largest  rivers  of  the  globe  discharge  thidr 
waters. 

From  the  numerous  soundings  which  have  been  taken  throughout  its 
entire  length  and  breadth,  the  broad  features  of  the  floor  of  this  ocean  can 
be  laid  down  with  considerable  accuracy  upon  a  map.  The  wider  parts  of 
the  Atlantic  have  a  depth  of  from  2000  to  3000  fathoms,  or  from  al)Out 
2  to  3 1  miles.  They  form  a  vast  undulating  plain,  crossed  by  a  ridge, 
which  may  be  regarded  as  starting  from  the  western  edge  of  the  groat 
plateau  whereon  Britain  stands.  Passing  southwards  by  the  Azores,  that 
mark  its  position  and  highest  elevation,  it  forms  what  is  known  as  the 
Dolphin  Eise,  which,  at  its  southern  end,  about  latitude  30"'  N.,  ascends 
to  within  400  fathoms  from  the  surface.  The  ridge  then  strikes  south- 
westward  at  a  depth  of  less  than  2000  fathoms  to  the  coast  of  Cuiana, 
whence  it  turns  south-eastward  across  the  ocean,  coming  to  the  surfa,ce 
under  the  equator  in  the  lonely  St.  PauLs  Eock,  and  turning  southward 
as  a  long  ridge  from  which  the  volcanic  islets  of  Ascension  and  Tristan 
d^Acimha  rise. 

For  a  distance  of  some  230  miles  to  the  west  of  the  British  Isles  the 
slope  of  the 'Atlantic  bottom  is  very  gentle,  being  only  six  feet  in  the 
mile.-  But  beyond  that  limit  the  ground  descends  more  rapidly,  for  in 
the  next  20  miles  there  is  a  fall  of  9000  feet,  or  a  descent  of  450  feet  in 
the  mile,  down  to  the  level  of  the  great  submarine  plain,  which  stretches 
for  hundreds  of  miles  to  the  west,  with  little  variety  of  surface;.  This 
plain  ascends  slowly  towards  the  north  till  it  forms  the  grent  plateau 
which,  culminating  in  the  Faroe  Islands  and  Iceland,  separates  the  d(;epcr 
water  of  the  Atlantic  from  that  of  the  Arctic  Ocean.  The  Newfoundland 
banks  prolong  the  North  American  continental  mass  far  into  the  ocean. 
The  Florida  peninsula  and  West  Indian  Islands  separate  the  deep  Atlantic 
waters  from  the  basins  of  the  Mexican  Gulf  and  Caribbean  Sea,  which  arc; 
obviously  submerged  enclosed  seas. 

The  central  submarine  Atlantic  ridge,  and  the  deep  hollow  on  eitln;!* 
side  of  it,  run  in  the  same  general  curving  line  as  the  contirientaJ  lands 
that  form  the  eastern  and  western  boundaries  of  this  ocean.  Both  to  tlx; 

^  A.  G. , ‘ Elementary  Lessons  in  Pliysical  Geography,’  p.  117. 

2  For  the  north-eastern  part  of  the  Atlantic,  see  an  interesting  paper  by  Mr.  W.  II. 
Hudleston,  GeoL  Mag.  1899,  pp.  97,  145. 
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north  and  south  of  the  equator,  the  floor  of  each  of  the  winding  troughs 
sinks  here  and  there  into  profound  abysses  which  have  been  foixud  by 
soundings  to  be  from  3000  to  4000  fathoms  in  depth.  About  100  miles 
north  from  the  Island  of  St.  Thomas,  the  Challenger  obtained  a  sounding 
of  3875  fathoms,  or  rather  less  than  4|  miles,  in  what  appears  to  be  a 
vast  hollow  running  north-eastwards  from  the  end  of  the  ridge  on  which 
the  West  Indian  Islands  rise.  Subsequently  a  much  deeper  depression 
has  been  found  near  the  Yirgin  Islands,  about  70  miles  north  of  Porto 
Eico,  West  Indies,  where  a  sounding  of  4561  fathoms  or  27,366  feet  was 
obtained.  This  is  the  greatest  depth  yet  found  in  the  Atlantic  Ocean. 
It  must  of  course  l)e  remembered  that  in  proportion  to  the  vast  area  of 
this  ocean  the  soundings  are  relatively  few  in  number  and  far  apart. 
Where  they  have  been  made  close  together  they  have  sometimes  revealed 
greater  inequalities  of  level  than  could  have  been  suspected.  Thus  in 
1883,  while  a  series  of  soundings  for  telegraphic  purposes  was  taken  to 
the  west  of  north-west  Africa,  in  water  previously  supposed  to  be  deep 
and  possessing  a  tolerably  uniform  bottom,  some  submarine  peaks  were 
met  with  rising  to  within  50  fathoms  of  the  surface.’- 

The  general  contour  of  the  bottom  of  the  Pacifle  Ocean  is  indicated 
by  the  distribution  of  the  islands,  and  has  been  further  elucidated  by 
recent  soundings.  The  bottom  of  this  vast  basin  lies  generally  more  than 
2000  fathoms  below  the  surface.  But  across  its  centre,  between  Japan 
and  the  coast  of  Chili,  it  is  varied  by  a  series  of  ridges  separated  by  deep 
hollows  which  have  a  general  trend  from  north-west  to  south-east.  On 
these  ridges  numerous  islands  and  archipelagoes  rise  to  the  surface  and 
form  the  most  characteristic  feature  of  this  ocean.  The  ridge  which 
culminates  in  New  Zealand  runs  at  a  right  angle  to  the  prevalent 
direction  of  the  sub-oceanic  ridges,  but  it  is  really  a  branch  of  one  of 
these.  We  see  that  in  the  North  Island  the  land  turns  round  towards 
the  north-west,  and  this  direction  is  maintained  by  the  continuation  of  the 
•ridge  under  the  sea.  The  New  Hebrides,  Solomon  Islands,  and  New 
Gruinea  mark  the  unsubmerged  ^peaks  of  another  great  ridge,  which  is 
prolonged  westward  by  Celebes  and  Borneo,  and  sends  a  branch  north¬ 
ward  through  the  chain  of  the  Philippine  Islands.  A  strongly  defined 
ridge  strikes  southward  from  Japan,  and  is  marked  at  the  surface  by  the 
Bonin  and  Marianne  groups  of  islands.  The  Caroline,  Marshall,  Gilbert, 
Ellice,  Fiji,  Friendly,  and  Hervey  Islands  show  the  positions  of  other 
elevated  portions  of  the  ocean-floor.  It  is  worthy  of  notice  that  while 
the  large  islands  on  the  prolongation  of  the  Asiatic  and  Australian  plateau 
(New  Caledonia,  New  Zealand,  and  others)  are  composed  mainly  of  non- 
volcanic  rocks,  such  as  those  of  which  the  continents  chiefly  consist,  the 
scattered  oceanic  islands,  where  they  present  any  other  material  than 
coral-rock,  reveal  a  volcanic  orgin.  They  have  probably  been  formed  by 
the  piling  up  of  volcanic  rocks  from  submarine  eruptions.  In  the  case  of 
Hawaii  the  volcanic  peaks  rise  13,760  feet  above  the  sea-level. 

As  in  the  Atlantic  basin,  the  hollows  between  the  ridges  sink  into 
deep  troughs,  some  of  which  have  been  distinguished  by  special  names 
^  Times,  7tli  Dec.  1883.  [J.  Y.  Buchanan.] 
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generally  taken  from  the  names  of  the  investigators  or  the  vessels  engaged 
in  deep-sea  research.  Thus  in  the  northern  Pacific,  between  the  chain  of 
the  Aleutian  Islands  and  the  great  submarine  bank  from  which  the 
Sandwich  Islands  rise,  a  vast  hollow  stretches  from  the  coast  of  Japan 
towards  that  of  North  America.  This  depression  has  been  called  the 
Tuscarora  Deep,  after  the  United  States  surveying  ship  of  that  name.  It 
sinks  westward  along  the  east  side  of  Japan  into  a  long,  narrow  abysmal 
trough  in  which,  in  the  year  1874,  the  Tumirom  took  a  sounding  of  46e55 
fathoms  or  27,930  feet.  For  some  years  this  remained  the- deepest  known 
abyss  on  the  floor  of  any  part  of  the  ocean.  The  Chdllmger  had  already 
recorded  a  depth  of  4475  fathoms  in  the  Caroline  Archipelago.  But  the 
British  surveying  ship  Penguin  has  since  obtained  still  deeper  soundings 
to  the  south  of  the  Tonga  or  Friendly  Islands,  In  1895,  in  lat.  23'^  40' 
S.,  long.  175°  10'  W.,  the  sounding-tube  bad  reached  a  depth  of  4900 
fathoms  when,  unfortunately,  the  wire  broke.  The  investigation  was 
resumed  later  by  the  same  ship  with  success.  In  lat.  30°  28'  8.,  long. 
176°  39'  W.,  a  depth  was  obtained  of  no  less  than  5155  fathoms  or 
30,930  feet — the  greatest  depth  anywhere  yet  known. ^  It  will  be  seen 
from  the  map  that  this  profound  abyss  lies  to  the  south  of  the  Kermadec 
Islands  and  about  300  miles  north-east  from  the  East  Cape  of  New 
Zealand.  It  is  a  remarkable  fact  that  the  deepest  parts  of  the  oceans  as 
revealed  by  actual  soundings  do  not  lie  in  or  near  the  centres  of  their 
basins,  hut  in  every  case  have  been  met  with  not  far  from  land.  While 
the  greatest  depths  have  been  observed  between  the  Tonga  Islands  and 
New  Zealand,  profound  abysses  have  been  found  close  to  the  l)orders  of 
the  Pacific.  Besides  the  Tuscarora  Deep,  parallel  with  the  trend  of  Japan, 
another  trough,  upwards  of  4000  fathoms  deep,  has  been  met  with  lying 
parallel  with  the  giant  chain  of  the  Andes  at  a  distance  of  only  50  miles 
from  the  coast  of  Peru. 

Although  the  great  water  envelope  of  our  planet  may,  for  the  sake 
of  convenience,  be  parcelled  out  into  separate  oceans,  these  are  all  united 
into  one  vast  continuous  sheet  of  water.  Here  and  there,  however,  owing 
to  the  way  in  which  the  land  has  been  ridged  up,  portions  of  the  water 
have  been  almost  separated  from  the  main  mass.  Of  these  Enclosed 
Seas,  the  best  example  is  that  which  has  long  been  known  as  the 
Mediterranean  Sea.  The  Black  and  Baltic  Seas  in  Europe,  Pludson’s 
Bay,  the  Caribbean  Sea,  and  the  Gulf  of  Mexico  in  North  America,  the 
Bed  Sea,  Persian  Gulf,  and  Seas  of  Japan  and  Okhotsk  in  Asia,  are  other 
illustrations.  Some  of  the  enclosed  seas  which  are  comparatively  shallow 
really  belong  not  to  the  oceanic  but  to  the  continental  areas  of  the  carth^s 
surface.  Though  their  sites  are  now  occupied  by  the  sea,  they  may  once 
have  been  land,  and  might  be  raised  into  land  again  without  greatly 
disturbing  the  present  order  of  things. 

Occasionally,  by  the  uprise  of  its  floor,  portions  of  the  ocean  have  been 
elevated  and  completely  cut  off  from  the  main  body  of  oceanic  waters, 
so  as  to  form  Inland  Seas,  of  which  the  Caspian  Sea  and  Sea  of  Aral, 
and  some  of  the  great  African  Lakes,  are  important  instances.  The 
1  Afature,  lii.  (1895),  p.  550  ;  liii.  (1896),  p.  392. 
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Caspian  Sea  coTers  a  larger  space  than  the  British  Isles.  Its  surface  is 
about  85  feet  below  sea-level,  and  its  greatest  depth  amounts  to  nearly 
3000  feet.  Its  waters  are  tenanted  by  seals  and  other  animals  that 
elsewhere  inhabit  the  ocean.  That  a  much  larger  area  in  that  region 
was  once  submerged  is  shown  by  the  fact  that  in  the  tracts  of  land 
which  now  enclose  the  Caspian  and  Sea  of  Aral  and  separate  them  from 
the  Black  Sea  on  the  one  band,  and  from  the  Arctic  Ocean  on.  the  other, 
beds  of  dead  sea-shells  are  found.  The  main  body  of  the  ocean  has  been 
excluded  by  the  rise  of  its  bottom  into  land.  The  land  along  the  coast 
of  Siberia  .has  in  comparatively  recent  times  been  raised  out  of  the  sea, 
and  there  is  some  evidence  to  show  that  the  Arctic  Ocean  formerly 
extended  in  a  long  arm  between  Europe  and  Asia  as  far  as  the  hill-range 
which  is  now  cut  through  by  the  narrow  channel  of  the  Bosphorus,  but 
did  not  communicate  with  the  present  Mediterranean  Sea,  and  that  by 
the  rise  of  the  land  towards  the  north  all  that  part  of  this  vast  inlet 
lying  to  the  south  of  the  parallel  of  50^'  or  52""  N.  was  cut  off  from  the 
main  ocean.  The  present  abundant  salt  lakes  and  marshes,  as  well  as 
the  two  large  basins  of  the  Caspian  and  Aral,  have  been  regarded  as  the 
mere  shrunk  remnants  of  this  old  Mediterranean  Sea.  The  Black  Sea 
has  been  separated  from  the  waters  of  the  Caspian  region,  and  the 
intervening  ridge  between  it  and  the  Mediterranean  Sea  has  been  cut 
through,  so  that  the  Black  Sea  now  communicates  through  the  Bosphorus 
and  Sea  of  Marmora  with  the  Mediterranean.  There  seems  also  to  be 
less  rain  or  more  evaporation  now  than  formerly  in  the  region  of  the 
Caspian  and  Aral,  so  that  these  sheets  of  water  are  still  further  shrinking. 

In  recent  years  the  extraordinary  fact  has  been  brought  to  light  that 
some  of  the  great  African  lakes  now  filled  with  fresh  water  are  probably 
portions  of  the  sea-l)ottom  which  have  been  uplifted,  for  marine  forms  of  life 
still  survive  in  them.  A  vast  line  of  depression  (the  Great  Eift  Valley) 
serves  here  to  mark  one  of  the  greatest  and  most  recent  revolutions  in 
the  topography  of  the  earth's  surface.  Further  reference  to  Inland  Seas 
and  Lakes  will  be  made  in  Book  III.  Part  IL  Sect.  ii.  §  4. 

But  not  only  have  portions  of  the  sea-bottom  been  iqdifted  and 
isolated  into  inland  sheets  of  water ;  the  land  has  in  many  places  sunk 
under  the  sea,  carrying  down  with  it,  uneftaced,  its  characteristic  ter¬ 
restrial  features.  Among  these  features  some  of  the  most  recognisable 
are  the  lines  of  valley  which  were  carved  out  on  the  surface  of  the  land 
by  subaerial  denudation.^  It  will  be  pointed  out  in  Book  III.  Part  I. 
Sect.  iii.  §  1,  that  many  glens  are  prolonged  under  the  sea  as  sea-inlets 
or  fjords,  and  that  even  far  from  the  coast  such  traces  of  a  former 
terrestrial  surface  may  be  recognised. 

A  question  of  high  importance  in  geological  inquiry  is  the  form  of 
the  surface  of  the  sea,  or  what  is  usually  called  the  sea-level.  It  used  to  be 
generally  assumed  that  this  surface  is  stable  and  uniform  and  nearly  that 
of  an  ellipsoid  of  revolution,  owing  its  equilibrium  to  the  force  of  gravity 
on  the  one  hand  and  the  centrifugal  force  of  rotation  on  the  other.  But 
in  recent  years  this  conception  has  been  called  in  question  both  by 
^  The  floor  of  the  North  Sea  is  a  notable  illustration  of  such  a  submergence. 
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physicists  and  geologists.  Observations  as  well  as  calculations  have 
shown  that  the  attraction  exercised  hy  masses  of  land  raises  the  level  of 
the  adjacent  sea,  and  attempts  have  been  made  to  determine  how  f;u‘  the 
deformation  thus  caused  departs  from  the  mean  of  the  theoretical  ellipsoid 
of  revolution.  According  to  Bruns  a  continent  may  cause  a  difference  of 
more  than  3000  feet  between  the  actual  level  of  the  sea  and  that  of  the 
ellipsoid.  But  the  results  of  such  calculations  will  greatly  depend  on 
the  assumption  on  which  they  start  as  to  the  nature  of  the  earth’s  crust. 
R.  S.  Woodward  has  calculated  that  if  the  continent  of  Europe  and  Asia 
he  supposed  to  he  simply  a  superficial  aggregation  of  matter  with  a 
density  as  great  as  the  parts  under  the  sea,  the  elevation  of  sea-level  at 
the  centre  of  the  continent  due  to  attraction  would  amount  to  about 
2900  feet,  hut  that,  if  the  continental  mass  be  assumed  to  imply  a  defect 
of  density  underneath  it,  the  elevation  of  the  sea  at  the  centre  of  the 
continent  due  to  attraction  would  ho  only  about  10  feet.^  The  actual 
levellings  carried  out  in  Europe  have  shown,  however,  a  much  smaller 
variation  from  mean  sea-level  than  might  have  been  anticipated.  Taking, 
the  mean  surface  of  the  Mediterranean  at  Marseilles  as  a  datum-line,  it 
has  been  found  that  the  surface  of  that  expanse  of  water  is  from  5  to  8 
centimetres  lower  farther  to  the  east,  but  the  level  at  Trieste  is  2  cm. 
higher.  In  the  Atlantic  the  level  is  higher  than  at  Marseilles,  the 
greatest  difference  observed  being  at  St,  Jean  de  Luz,  where  the  level  is 
15  cm.  above  that  of  Marseilles.  Passing  through  the  English  Channel, 
where  the  surface  is  still  rather  above  the  normal,  we  find  that  it  sinks 
in  the  North  Sea,  being  as  much  as  16  cm.  or  rather  more  than  six 
inches  below  the  Marseilles  datum  at  Ostend.  Farther  north  at 
Cuxhaven  the  level  rises  to  3  cm.  above  datum,  but  in  the  Baltic  it 
again* sinks  below  it,  being  9  cm.  at  Travemiinde,  4  cm.  at  Warnenuinde, 
and  2  cm.  at  Swinemiinde.^  It  would  thus  appear  that  the  extrem(3 
range  of  variation  of  sea-level  round  the  coast-line  of  Euro])e  only 
amounts  to  31  cm.  or  about  one  English  foot.  This  subject  is  further 
considered  in  Book  III.  Part  I.  Sect.  iii. 

The  water  of  the  ocean  is  distinguished  from  ordinary  terrestrial 
waters  by  a  higher  specific  gravity,  and  the  presence  of  so  large  a  pro¬ 
portion  of  saline  ingredients  as  to  impart  a  strongly  salt  taste.  The 
average  density  of  sea-water  is  about  1*02G,  but  it  varies  slightly  in 
different  parts  even  of  the  same  ocean.  According  to  the  observations 
of  J.  Y.  Buchanan  during  the  Challenger  expedition,  some  of  the  heaviest 
sea-water  occurs  in  the  pathway  of  the  trade-winds  of  the  North  Atlantic, 
where  evaporation  must  be  comparatively  rapid,  a  density  of  1-0278  I  being 
registered.  Where,  however,  large  rivers  enter  the  sea,  or  where  there 
is  much  melting  ice,  the  density  diminishes ;  Buchanan  found  among  the 
broken  ice  of  the  Antarctic  Ocean  that  it  had  sunk  to  1*024 18.*^  A 

^  H.  Bruns,  ‘Die  Figur  cler  Erde,’  Berlin,  1878  ;  B.  S.  Woodward,  IhtlL  E.  jS.  (/.  S. 
No.  48,  p.  85  (1888). 

2  Burseli-Kulinen,  ‘  Vergleichiing  der  Mittelwa.sser  der  O.stsee  inid  Nord.se(},  des  Allan 
tisclien  Ozeaues,  mid  de.s  Mittelmeeres,’  Berlin,  1891  ;  Cznber,  “  Geoinetrisclie  Nivcdleinent,” 
Technische  Blatter,  xxiii.  Hefte  2  mid  3.  Buchanan,  Prur.  Roy.  Roc.  (1870),  xxiv. 
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series  of  soundings  taten  during  the  Vega  expedition  in  the  Kara  Sea 
(lat.  76°  18^5  long.  95°  30^  E.)  gave  a  progressive  increase  of  salinity 
from  1*1  at  the  surface  to  3*4  at  30  fathoms,  the  surface  being  freshened 
by  the  water  poured  into  the  sea  by  the  Siberian  rivers.^ 

The  greater  density  of  sea-water  depends,  of  course,  upon  the  salts 
which  it  contains  in  solution.  At  an  early  period  in  the  earth’s  history, 
the  water  now  forming  the  ocean,  together  with  the  rivers,  lakes,  and 
snowfields  of  the  land,  existed  as  vapour,  in  which  were  mingled  many 
other  gases  and  vapours,  the  whole  forming  a  vast  atmosphere  sur¬ 
rounding  the  still  intensely  hot  globe.  Under  the  enormous  pressure 
of  the  primeval  atiliosphere,  the  first  condensed  water  might  have  had  a 
temperature  little  below  the  critical  one.^  In  condensing,  it  would  carry 
down  with  it  many  substances  in  solution.  The  salts  now  present  in 
sea -water  are  to  be  regarded  as  partially  derived  from  the  primeval 
constitution  of  the  sea,  and  thus  we  may  infer  that  the  sea  has  always 
been  more  or  less  saline.  Professor  Joly  estimates  the  probable  original 
proportion  of  chlorides  in  the  primeval  ocean  to  have  been  about  10*7 
per  cent  of  the  present  amount,  the  remaining  large  percentage  having 
been  since  supplied  to  the  sea  by  rivers  carrying  salts  in  solution  from 
the  land.^ 

But  it  is  manifest  that,  whatever  may  have  been  the  original  com¬ 
position  of  the  oceans,  they  have  for  a  vast  section  of  geological  time  been 
constantly  receiving  mineral  matter  in  solution  from  the  land.  Every 
spring,  brook,  and  river  removes  various  salts  from  the  rocks  over  which 
it  moves,  and  these  substances,  thus  dissolved,  eventually  find  their  way 
into  the  sea.  Consequently  sea -water  ought  to  contain  more  or  less 
traceable  proportions  of  every  substance  which  the  terrestrial  waters  can 
remove  from  the  land — in  short,  of  probably  every  element  present  in  the 
outer  shell  of  the  globe,  for  there  seems  to  be  no  constituent  of  the  earth 
which  may  not,  under  certain  circumstances,  be  held  in  solution  in  water. 
Moreover,  unless  there  be  some  counteracting  process  to  remove  these 
mineral  ingredients,  the  ocean-water  ought  to  be  growing,  insensibly 
perhaps,  salter,  for  the  supply  of  saline  matter  from  the  land  is  incessant. 
It  has  been  ascertained  indeed,  with  some  approach  to  certainty,  that  the 
salinity  of  the  Baltic  and  Mediterranean  is  gradually  increasing.^ 

^  0.  Pettercson,  ‘  Vega-Expeditionens  Vetenskapliga  lakttagelser/  ii.,  StocklioTm,  1883. 
The  specific  gravity  of  the  waters  of  the  sea  has  been  carefully  investigated  by  Dr.  Buchan, 
Tm7is.  Roy.  Soc.  Edin.  1896.  A  summary  of  his  work  will  be  found  in  Nature,  liv.  (1896), 
p.  235. 

^  See  a  paper  by  Professor  J.  Joly,  “An  Estimate  of  the  G-eological  Age  of  the  Earth,”  Sci. 
Trans.  Roy.  DuUm  Soc.  ser.  2,  vii,  (1899),  pp.  23-65.  In  this  paper  an  account  is  given  of 
the  probable  stages  in  the  condensation  and  composition  of  the  ocean.  See  also  Q,  J.  (4.  8. 
xxxvi.  (1880),  pp.  112,  117  ;  Rev.  O.  Pisher,  ‘  Physics  of  the  Earth’s  Crust,’  2nd  edit.  p.  148. 

^  Sterry  Hunt  supposed  that  the  saline  waters  of  North  America  derive  their  mineral 
ingredients  from  the  sediments  and  precipitates  of  the  sea  in  which  the  Palaeozoic  rocks  were 
deposited.  ‘Geological  and  Chemical  Essays,’  p.  104.  There  is  evidence  among  the 
geological  formations  that  large  quantities  of  lime,  silica,  chlorides,  and  sulphates  have  in 
the  course  of  time  been  removed  from  the  sea. 

*=*  Paul,  in  Watt’s  ‘  Dictionary  of  Chemistry,’  v.  p.  1020.  Por  a  detailed  study  of  the 
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The  average  proportion  of  saline  constituents  in  the  water  of  the 
great  oceans  far  from  land  is  about  three  and  a  half  parts  in  every 
hundred  of  w^aterd  But  in  enclosed  seas,  receiving  much  fresh  water,  it 
is  greatly  reduced,  while  in  those  where  evaporation  predominates  it  is 
correspondingly  augmented.  Thus  the  Baltic  water  contains  from  one- 
seventh  to  nearly  a  half  of  the  ordinary  proportion  in  ocean  water,  while 
the  Mediterranean  contains  sometimes  one-sixth  more  than  that  propor¬ 
tion.  Forchhammer  detected  the  presence  of  the  following  twenty- 
seven  elements  in  sea-water :  oxygen,  hydrogen,  chlorine,  bromine,  iodine, 
fluorine,  sulphur,  phosphorus,  nitrogen,  carbon,  silicon,  boron,  silver, 
copper,  lead,  izinc,  cobalt,  nickel,  iron,  manganese,  aluminium,  magnesium, 
calcium,  strontium,  barium,  sodium,  and  potassium.-  To  these  may  be 
added  arsenic,  lithium,  caesium,  rubidium,  gold,^  and  probably  most  if  not 
all  of  the  other  elements,  though  in  proportions  too  minute  for  detection. 
The  chief  constituents  have  been  determined  by  Dittmar  to  be  present 
in  the  proportions  shown  in  the  first  column  of  the  subjoined  tables. 
Assuming  them  to  occur  in  the  combinations  shown  in  the  second 
column,  the}’'  are  present  in  the  average  ratios  therein  stated.^  The 
third  column  shows  the  proportions  of  the  different  chemical  elements  in 
the  composition  of  the  waters  of  the  ocean  as  a  whole  :  — ^ 

Eastern  Mediterranean,  see  tlie  Eeports  of  a  Commission,  Penksch.  Akad.  Wiss.,  Vienna, 
1892  et  seq. 

^  Dittmar’s  elaborate  researches  on  the  samples  of  ocean  water  collected  by  the  C/ial- 
lenger  Expedition  show  that  the  lowest  percentage  of  salts  obtained  was  3*301,  from  the 
southern  part  of  the  Indian  Ocean,  south  of  lat.  66°,  while  the  highest  was  3*737,  from  the 
middle  of  the  North  Atlantic,  at  about  lat.  23°,  Some  valuable  results  from  observations 
on  the  waters  of  the  North  Atlantic  are  given  by  H.  Tornde  and  L.  Schnielck  in  the  PeqMirt 
of  the  Norwegian  North-AtlaQitic  Expedition,  1876-78.  The  average  proportion  of  salts 
was  found  to  be  from  3*47  to  3*51  per  cent,  the  mean  quantities  of  each  constituent  as 
estimated  being  as  follow:  CaCOg,  0*002  ;  CaS04,  0*1395  ;  MgS04,  0*2071  ;  MgCla,  0*3561  ; 
KCl,  0*747  ;  NaHCOg,  0*0166  ;  NaCl,  2*682. 

^  Forchhammer,  Phil.  Trans,  civ.  p.  295.  According  to  Thorpe  and  Morton  {(Jhem. 
SoG.  Journ.  xxiv.  p.  507),  the  water  of  the  Irish  Sea  contains  in  summer  rather  more 
salts  than  in  winter.  In  1000  grammes  of  the  summer  water  of  the  Irish  Sea  they  found 
0*04754  grammes  of  carbonate  of  lime,  0*00503  of  ferrous  carbonate  and  traces  of  silicic  acid. 
For  exhaustive  chemical  investigations  regarding  the  chemistry  of  ocean  water  consult 
Dittmar  in  vol.  i.  “Physics  and  Chemistry,”  Report  of  Voyage  of  the.  Qliallenger,  1884  ;  also 
the  “Chemistry  ”  part  of  the  Report  of  the  Norwegian  North- Atlantic  Expedition,  1876-78. 

^  Prof.  Liversidge  has  estimated,  as  the  result  of  numerous  analyses,  that  the  sea-water 
off  the  coast  of  New  South  Wales  contains  from  aliout  0*5  to  1  grain  of  gold  per  ton,  or 
in  round  numbers  130  to  260  tons  of  gold  per  cubic  mile,  and  he  points  out  that  at  this 
proportion  there  may  be  more  than  75,000,000,000  tons  of  gold  in  the  waters  of  the  whole 
oceans  of  the  globe.  Proc.  Roy.  Roc.  N.  S.  Wales,  2nd  Oct.  1895.  Professor  W.  Ramsay 
remarks  also  that  “sea- water  sometimes  contains  a  grain  of  gold  per  ton,  that  is,  one  part 
in  15,180,000,”  Nature,  Ixv.  (1901),  p.  164. 

^  Dittmar,  op.  cit.  p.  203  et  seq.  For  further  reference  to  the  chemistry  of  sea-water, 
especially  in  connection  with  the  action  of  marine  organisms,  see  Book  III.  Part  II. 

5  Mr.  F.  W.  Clarke,  Bull.  U.  S.  G.  JS.  No.  78  (1891),  p.  35.  He  remarks  that  in  this 
allocation  of  the  several  proportions  of  the  elements,  dissolved  gases  need  not  be  taken  into 
account,  and  that  the  other  elements  not  here  named  are  present  in  such  minute  quantities 
that  no  one  of  them  can  reach  0  *001  of  1  per  cent. 
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II 

III 

Chlorine 

55*292 

Chloride  of  sodium  . 

77-758 

Oxygen  . 

.  85-79 

Bromine 

0-188 

Chloride  of  magne¬ 

Hydrogen 

.  10-67 

Sulphuric  acid,  SO;. 

6-410 

sium  . 

10-878 

Chlorine. 

.  2*67 

Carbonic  acid,  COo  . 

0-152 

Sulphate  of  magnesia 

4-737 

Sodium  . 

.  1*14 

Lime,  CaO 

1*676 

Sulphate  of  lime 

3-600 

Magnesium 

.  0-14 

Magnesia,  MgO 

6-209 

Sulphate  of  potash  . 

2-465 

Calcium  . 

.  0-05 

Potash,  KO  . 

1-332 

Bromide  of  magne¬ 

Potassium 

.  0-04 

Soda,  MaoO 

41-234 

sium  . 

0-217 

Sulphur  . 

.  0-09 

Carbonate  of  lime  . 

0-345 

Bromine . 

.  0-008 

Subtract  Basic  Oxy- 1 

Carbon  . 

.  0*002 

gen  e(i[uivalent  to  ■ 

■  12-493 

Total  Salts  lOO’OOO 

the  Halogens  J 

100*000 

Total  Salts  ! 

100-000 

Sea-water  is 

appreciably  alkaline,  its 

alkalinity  being 

due 

to  the 

presence  of  carbonates,  of  which  carbonate  of  lime  is  one.^  In  addition 
to  its  salts  it  always  contains  dissolved  atmospheric  gases.  Erom  the 
researches  conducted  during  the  voyage  of  the  BoniM  in  the  Atlantic 
and  Indian  Oceans,  it  was  estimated  that  the  gases  in  100  volumes  of 
sea-water  ranged  from  1*85  to  3*04,  or  from  two  to  three  per  cent. 
From  observations  made  during  the  Pormpine  cruise  of  1868,  it  was 
ascertained  that  the  proportion  of  oxygen  was  greatest  in  the  surface 
water,  and  least  in  the  bottom  water.  The  dissolved  oxygen  and  nitro¬ 
gen  are  doubtless  absorbed  from  the  atmosphere,  the  proportion  so 
absorbed  being  mainly  regulated  by  temperature.  According  to  Ditt- 
mar’s  determinations,  a  litre  of  sea- water  at  0°  0.  will  take  up  15*60 
cubic  centimetres  of  nitrogen  and  8*18  of  oxygen,  while  at  30'"  C. 
the  projections  sink  respectively  to  8*36  and  4*17.  He  regarded  the 
carbonic  acid  as  occurring  chiefly  as  carbonates,  its  presence  in  the  free 
state  being  exceptional.  During  the  voyage  of  the  Challenger,  Buchanan 
ascertained  that  the  proportion  of  carbonic  acid  is  always  nearly  the 
same  for  similar  temperatures,  the  amount  in  the  Atlantic  surface  water, 
between  20°  and  25°  C.,  being  0*0466  gramme  per  litre,  and  in  the 
surface  Pacific  water  0*0268;  and  that  sea- water  contains  sometimes  at 
least  thirty  times  as  much  carbonic  acid  as  an  equal  bulk  of  fresh  water 
would  do.^  A  supposed  greater  proportion  of  carbonic  acid  in  the 
deeper  and  colder  waters  of  the  ocean  has  been  suggested  as  the  main 
cause  of  the  disappearance  of  the  larger  and  more  delicate  calcareous 
pelagic  organisms  from  abysmal  deposits,  these  forms  being  more  readily 
attacked  and  carried  away  in  solution ;  but  according  to  Dittmar,  ev^ 
alkaline  sea-water,  if  given  sufheient  time,  will  take  up  carbonate  of  lime 

^  Dittmar,  qp.  cit.  p.  206. 

^  Proc.  Roy.  Soc.  xxiv.  According  to  Mr.  Toriioe  {Norwegian,  North- Atla,ntic  Expedi¬ 
tion,  1876-78,  “Chemistry”)  most  of  the  carbonic  acid  of  sea-water  is  in  combination  with 
soda  as  bicarbonate  of  soda.  See  his  memoir  for  an  estimate  of  the  proportion  of  air  in 
sea -water  ;  also  J.  Y.  Buchanan,  Nature,  xxv.  p.  386.  Dittmar,  op.  cit.  p.  209.  The 
student  will  find  a  detailed  discussion  of  “The  Carbon-dioxide  of  the  Ocean  and  its  relations 
to  the  Carbon- dioxide  of  the  Atmosphere,”  in  a  paper  by  Mr.  Cyrus  F.  Tolman,  jun.,  Joum. 
Geol.  vii.  (1899),  pp.  585-618. 
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in  addition  to  what  it  already  contains^  Another  of  the  constituents  of 
sea-water  is  diffused  organic  matter,  derived  from  the  bodies  of  dead 
plants  and  animals,  and  no  doubt  of  great  importance  as  furnishing  food 
for  the  lower  grades  of  animal  life.‘^  It  has  been  ascertained  that  in  the 
Black  Sea  there  is  a  remarkable  development  of  sulphuretted  hydrogen, 
which  gradually  increases  with  the  depth  until  in  the  bottom  waters, 
1200  fathoms  from  the  surface,  the  proportion  rises  to  655  cubic 
centimetres  in  100  litres.  This  gas  appears  to  be  liberated  by  the  action 
of  certain  microbes  upon  organic  niatter,  and  even  upon  the  sulphates 
and  sulphides  present  in  solution  in  the  water. ^ 

In  working  up  the  results  of  the  Challenger  expedition,  the  late 
Professor  Tait  had  occasion  to  make  some  experiments  which  proved 
that  sea-water  is  sensibly  compressible  by  its  own  weight,  the  com¬ 
pressibility  increasing  by  about  one  ton  per  square  inch  for  every  mile 
of  descent  below  the  surface.  At  the  bottom  of  the  abysses,  at  a  depth 
of  six  miles,  this  pressure  must  amount  to  1000  atmospheres.  The 
result  of  this  compression  is  to  make  th^  surface -level  of  the  general 
mass  of  the  oceans  some  116  feet  lower  than  it  would  be  if  the  water 
were  perfectly  incompressible.  If  the  water  ceased  to  be  compressible, 
the  effect  would  be  to  submerge  2,000,000  square  miles  of  land,  about 
4  per  cent  of  the  whole.^ 


II. — The  Solid  Globe  oi'  Lithosphere, 

Within  the  atmospheric  and  oceanic  envelopes  lies  the  inner  solid 
globe.  The  only  portion  of  it  which,  rising  above  the  sea,  is  visible  to 
us,  and  forms  what  we  term  Land,  occupies  rather  more  than  one-fourth 
of  the  total  superficies  of  the  globe,  or  a]30ut  55,000,000  square  miles. 

§  1.  The  Outer  Surface. — The  land  is  placed  chiefiy  in  the  northern 
hemisphere  and  is  disposed  in  large  masses,  or  continents,  which  taper 
southwards  to  about  half  the  distance  between  the  equator  and  the 
south  pole.  No  adequate  cause  has  yet  been  assigned  for  the  present 
distribution  of  the  land.  It  can  be  shown,  however,  that  portions  of 
the  continents  are  of  extreme  geological  antiquity.  There  is  reason  to 
believe,  indeed,  that  the  present  terrestrial  areas  have  on  the  whole 
been  land,  or  have,  at  least,  never  been  submerged  beneath  deep  water, 
from  the  time  of  the  earliest  stratified  formations;  and  that,  on  the 
other  hand,  the  ocean-basins  have  probably  always  been  vast  areas  of 
depression.  This  subject  will  be  discussed  in  subsequent  pages. 

In  the  New  World,  the  continental  trend  is  approximately  north  and 
south;  in  the  Old  World,  it  ranges  east  and  west  along  its  northern 

^  Op.  ciL  p.  222. 

^  Different  estimates  have  been  made  of  the  proportion  of  organic  matter.  According 
to'the  researclies  of  L.  Schmelck  {Norwegian  JTortli- Atlantic  Expedition,  1876-78,  part  ix. 
p.  4),  the  proportion  of  0*0025  gramme  in  100  c.  c.  of  water. 

^  N.  Androussow,  “  La  Mer  Noire,”  Ouide  des  Excursions  Oongr.  Geol.  Interned. 

If®,  xxix  (1897),  p.  6. 

^  Challenger  Report,  “Physics  and  Chemistry,”  ii.  part  i.  p.  76. 
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extent,  and  sends  two  long  tongaes  southward,  one  of  which  forms  the 
continent  of  Africa,  the  other  the  vast  chain  of  islands  which  ter¬ 
minates  in  Tasmania.  A  remarkable  line  of  partition,  which  has  already 
been  alluded  to,  divides  the  continental  masses  into  northern  and 
southern  regions.  This  line  of  severance  is  complete  between  Europe  and 
Africa,  and  between  Asia  and  Australasia,  though  between  North  and 
South  America  a  narrow  strip  of  land  connects  the  two  continents. 

The  general  features  of  continental  structure,  and  especially  the 
intimate  relation  that  may  be  traced  between  the  general  trend  of  the 
land  areas  and  the  direction  of  the  mountain-chains,  are  best  displayed  in 
the  New  "World,  where  both  North  and  South  America  may  be  studied 
as  typical  embodiments  of  these  leading  characteristics.  It  is  there  seen 
how  the  land  reaches  its  highest  elevation  along  the  margin  that  faces 
the  larger  ocean,  while  minor  and  less  connected  ranges  of  hills  rise  upon 
the  opposite  border.  We  observe  also  that  the  dominant  trend  of  the 
continental  mass  reaches  its  culminating  line  along  the  great  backbone  of 
mountains  that  stretches  almost  continuously  from  Cape  Horn  into  the 
Arctic  Ocean,  from  which  line  of  upheaved  ground  broad  plateaux  and 
lower  plains  descend  towards  the  Atlantic. 

While  any  good  map  of  the  globe  enables  us  to  see  at  a  glance  the 
relative  positions  and  areas  of  the  continents  and  oceans,  most  maps  fail 
to  furnish  any  data  by  which  the  general  height  or  volume  of  a  continent 
may  be  estimated.  As  a  rule,  the  mountain-chains  are  exaggerated  in 
breadth,  -and  incorrectly  indicated,  while  no  attempt  is  made  to  distinguish 
between  high  plateaux  and  low  plains.  In  North  America,  for  example, 
a  continuous  shaded  ridge  is  pdaced  down  the  axis  of  the  eontinentj  and 
marked  ‘‘Eocky  Mountains,'^  while  the  vast  level  or  gently  rolling 
prairies  aye  left  with  no  mark  to  distinguish  them  from  the  maritime 
plains  the  eastern  and  southern  states.  In  reality  there  is  no  such 
one  ^  continuous  mountain  -  chain.  The  so-called  Eocky  Mountains” 
consist  of  many  independent  and  sometimes  widely  separated  ridges, 
having  a  general  meridional  trend,  and  rising  above  a  vast  plateau,  which 
is  itself  4000  or  5000  feet  in  elevation.  It  is  not  these  intermittent 
ridges  which  really  form -the  great  mass  of  the  land  in  that  region,  but 
the  widely  extended  lofty  plateau,  or  rather  succession  of  plateaux,  wliich 
supports  them.  In  Europe,  also,  the  Alps  form  but  a  subordinate  part 
of  the  total  bulk  of  the  land.  If  their  materials  could  be  spread  out 

over  the  continent,  it  has  been  calculated  that  they  would  not  increase 

its  height  more  than  about  twenty-one  feet. 

Attempts  have  been  made  to  calculate  the  probable  average  height 
which  would  be  attained  if  the  various  inequalities  of  the  land  could 
he  levelled  down.  Humboldt  estimated  the  mean  height  of  Europe  to 
he  about  671,  of  Asia  1132,  of  North  America  748,  and  of  South 

America  1151  feet.^  Herschel  supposed  the  mean  height  of  Africa. to 

he  1800  feet.‘‘^  These  figures,  though  based  on  the  best  data  available 
at  the  time,  were  much  under  the  truth.  In  p^ieular,  the  arerage 
height  assigned  to  North  America  was  evidently  far  less  than  it  should 
^  ‘Asie  Oentxale,’  tome  i#  p.  168.  ‘Phy.sieal  Greagraphy,"  p.  119.  ‘ 
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;  for  the  great  plains  west  of  the  Mississippi  valley  reach  an  altitude 
about  5000  feet,  and  serve  as  the  platform  from  Avhich  the  naoim- 
^^in  ranges  rise.  The  height  of  Asia  also  is  obviously  much  greater 
!^lian  this  old  estimate.  G.  Leipoldt  subsequently  computed  the  mean 
^eight  of  Europe  to  be  296-838  metres  (973-628  feet).i  Professor  A. 
'^e  Lapparent  made  the  mean  height  of  the  land  of  the  globe  2120  feet, 
^tid  estimated  the  mean  height  of  Europe  to  be  958  feet,  Asia  2884, 
:4frica  1975,  North  America  1952,  and  South  America  1762.^  Sir  John 
•Hurray  computed  these  heights  as  follows:  Europe  939,  Asia  3189, 
•Africa  2021,  North  America  1888,  South  America  2078,  Australia  805 
^^et;  general  mean  height  of  land,  2252  feet.^  Subsequently  the  subject 
^as  been  reinvestigated  by  the  late  General  De  Tillo,*^  Dr.  Hugh  K. 
-Hill,-'*  Dr.  Supan,®  and  Professor  Penck.^  It  is  of  some  consequence  to 
obtain  as  near  an  approximation  to  the  truth  in  this  matter  as  may  be 
Possible,  in  order  to  furnish  a  means  of  comparison  between  the  relative 
bulk  of  different  continents,  and  the  amount  of  material  on  which 
geological  changes  can  be  effected.  The  latest  general  results  of  the 
Various  estimates  as  to  the  area  and  height  of  the  continents  are  embodied 
the  subjoined  table  : — 


Continent. 

Area  in  iSq.  Miles. 

Mean  Heij^ht. 

Greatest  Eleva¬ 
tion  121  Feet. 

Europe  . 

3,700,000 

330 

metres  (1032  feet) 

18,500 

Asia 

16,400,000 

1010 

,,  (3313  „  ) 

29,000  ■ 

Africa 

11,100,000 

660 

„  (2165  „  ) 

18,800 

Australia 

3,000,000 

310 

,,  (1017  „  ) 

7,200 

North  America 

» 7,600,000 

650 

,,  (-2132  „  ) 

18,200 

South -America 

6,800,000 

650 

,,  (2132  „  ) 

22,400 

All  Countries  . 

55,000,000 

735 

„  (2411  ,,  ) 

29,000 

The  highest  elevation  of  the  surface  of  the  land  is  the  summit  of 
Mount  Everest,  in  the  Himalaya  range  (29,000  feet);  the  deepest 
depression  not  covered  by  water  is  that  of  the  shores  of  the  Dead  Sea 
(1300  feet  below  sea-level).  There  are,  however,  many  subaqueous 
portions  of  the  land  which  sink  to  greater  depths.  The  bottom  of  the 
Caspian  Sea,  for  instance,  lies  about  3000  feet  below  the  general  sea- 

^  ‘Die  Mittlere  Hiihe  Enropas/  Leipzig,  1874.  In  this  work  the  mean  lieight  of 
Switzerland  is  put  down  as  1299'91  metres  ;  Spanish  p^insnla,  700-60  ;  Austria,  517-87  ; 
Italy,  517*17;  Scandinavia,  428*10;  France,  393*81;  Great  Britain,  217*70;  German 
Empire,  213*66 ;  Russia,  167*09;  Belgium,  163*36  ;  Denmark  (exclusive  of  Iceland), 
35*20  ;  the  Netherlands  (exclusive  of  Luxembourg  and  the  tracts  below  sea-level),  9*61. 

^  ‘Traite  de  Geologic,’  p.  56.  ^  Scottish  Geog.  (1888),  p.  23. 

^  ‘‘Die  Mittlere  Hohe  der  Kontinente  und  die  Mittlere  Tiefe  der  Ozeane,”  etc.,  Isioestija, 
Jiuss.  Qcograph.  Ges.  xxv.  (1889),  p.  113  ;  Pe.te.riiimwi  s  Mittli.  (1889),  p.  48. 

^  “The  Vertical  Relief  of  the  Globe,”  Scottish  Geog.  Mag,  vi.  (1900),  p.  182. 

®  Feierrtian'F s  Mitth.  1889,  p.  17.  See  also  the  summary  of  the  subject  in  his 
‘^Grundztige  der  Physischen  Erdknnde,’  1896,  p.  36. 

^  See  liis  ‘Morphologic  der  Erddberflacbe, ’  i.  pp.  146-152,  and  authorities  there  cited. 
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level.  .  The  vertical  difference  between  the  highest  point  of  the  land 
and  the  maximum  known  depth  of  the  sea  is  59,930  feet  or  nioie  than 

11  miles.  . 

There  are  two  conspicuous  junction-linos  of  the  land  with  its  over¬ 
lying  and  surrounding  envelopes.  First,  with  the  Air,  express by 
the  contours  or  relief  of  the  land  Second,  with  the  Sea,  expressed  by 
coast-line. 

(1)  Contours  or  Relief  of  the  Land. — While  the  surface  of  the 
land  presents  endless  diversities  of  detail,  its  leading  features  may  h(3 
generalised  as  mountains,  table-lands,  and  plains. 

Mountains. — The  word  “mountain”  is,  properly  speaking,  not  a 
scientific  term.^  It  includes  many  forms  of  ground  utterly  ditlercnt  from 
each  other  in  size,  shape,  structure,  and  origin.  It  is  popularly  applied 
tx>  any  considerable  eminence  or  range  of  heights,  hut  the  height  and  si^^o 
of  the  elevated  ground  so  designated  vary  indefinitely.  In  a  really 
mountainous  country  the  word  would  be  restricted  to  the  loftier  niasBCS 
of  ground,  while  such  a  word  as  hill  would  be  given  to  the  lesser  heights. 
But  in  a  region  of  low  or  gently  undulating  land,  where  any  conspicuous 
eminence  becomes  important,  the  term  mountain  is  lavishly  used.  In 
Eastern  America  this  habit  has  been  indulged  in  to  such  an  extent,  tlmt 
what  are,  so  to  speak,  mere  hummocks  in  the  general  landscapts  are 
dignified  by  the  name  of  mountains. 

It  is  hardly  possible  to  give  a  precise  scientific  definition  to  a  term  so 
vaguely  employed  in  ordinary  language.  When  a  geologist  uses  the  weird, 
he  must  either  be  content  to  take  it  in  its  familiar  vague  sense,  or  must 
add  some  phrase  defining  the  meaning  which  he  attaches  to  it.  He  finds 
that  there  are  four  leading  and  distinct  types  of  elevation  which  are  all 
popularly  termed  mountains,  and  each  of  which  is  susceptible  of  sul)- 
division  into  further  groups. 

(a)  Yolcanic  mountains,  formed  by  tlic  accumuhitioTi  of  materials  ejected  from  the 
earth’s  interior  and  piled  up  into  a  conical  mass  round  the  vent  from  whi(di  they 
proceed.  Such  eminences  may  be  of  any  size,  from  mere  hillocks,  like  some  of  the  Puys 
of  Central  France,  up  to  the  most  gigantic  masses,  such  as  Etna,  TeneriHe,  and  Cotopaxi. 

{h)  Outlier  mountains,  produced  by  the  isolation  of  large,  more  or  loss  conical  or 
flat-topped  masses  during  the  course  of  prolonged  denudation.  Such  detached  out¬ 
liers  are  more  especially  frequent  fronting  the  escarpments  of  thick  groups  of  sedimentary 
formations.  Where  they  consist  of  flat  or  slightly  inclined  strata  they  generally 
display  parallel  lines  along  their  sides,  caused  by  the  influence  of  the  harder  and  softer 
layers  in  the  stratification.  Conspicuous  examples  of  this  type  of  mountain -form  are 
presented  hy  the  Torridon  Sandstone  of  the  north-west  of  Scotland,  wIktc  some  of  the 
isolated  masses  range  from  3000  to  4000  feet  in  height.  The  rcmarkahle  Buttes  of 
Western  America  are  well-known  instances  of  a  sinfilar  structure  and  scenery  (Book  YIL). 

(c)  Closely  connected  with  the  last-named  type  is  that  of  denudation  ridges.  These 
consist  of  eminences,  often  hundreds  or  thousands  of  feet  in  height,  connected  at  the 
sides  or  base,  and  forming  long  lines  of  winding  ridges  or  chains  of  uplands.  They  are 
marked  by  the  distinctive  feature  that  their  forms  are  not  directly  due  to  any  internal 


^  A  useful  compendium  of  information  regarding  the  mountain  chains  of  the  globe  will 
be  found 'in  R.  von  Lendenfeld’s  ‘Die  Hochgebirge  der  Erde,’  pp.  xiv,  232,  Freiburg  im 
Breisgau,  1899. 
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structure  of  tlieir  component  , rocks,  but  have  resultexi  from  the  unequal  effects  of 
denudation.  They  are  masses  of  ground  left  after  the  erosion  of  the  system  of  valleys 
by  which  they  are  traversed.  Many  of  the  more  ancient  table-lands  both  in  the  Old 
World  and  the  Now  furnish  examples  of  this  type,  such  as  the  highlands  of  Scotland, 
the  hills  of  Cumberland  and  Wales,  the  chain  of  fjelds  in  Scandinavia,  the  uplands 
between  Bohemia  and  Bavaria,  the  Laurentide  Mountains  of  Canada,  and  th^  Green  and 
White  Mountains  of  New  England.  Every  stage  in  the  evolution  of  this  kind  of 
topography  may  be  exemplified,  the  earliest  being  furnished  by  the  more  recent  forma¬ 
tions  such  as  the  Tertiary  basalts  of  Iceland,  the  Faroe  Isles,  and  the  west  of  Scotland, 
and  the  clays,  sandstoims,  and  limestones  of  the  Central  and  Western  States  of  America. 

{d)  Tectonic  mountains,  consisting  of  chains  of  ridges  that  rise  into  a  succession  of 
more  or  less  distinct  summits,  and  are  separated  by  lines  of  valleys.  The  broad 
distinction  of  this  type  is  that  it  has  been  produced  by  the  plication  and  elevation  of  the 
earth’s  crust.  In  some  cases,  like  the  Jura,  the  crust  has  been  thrown  into  long  folds, 
without  serious  rupture  ;  but  in  the  more  im])ortant  examples,  like  the  Alps,  the  crust 
has  not  only  been  plicated  but  dislocated,  and  large  portions  of  it  have  been  overturned 
ai)d  thrust  over  each  other.  In  the  course  of  ages  of  denudation  the  original  topography 
due  immediately  to  underground  disturbance  has  been  profoundly  modified,  but  the 
great  mountain  masses  remain  as  memorials  of  tlie  gigantic  upheavals  that  gave  them 
birth.  It  is  these  heights  that  in  a  geological  sense  are  the  only  true  mountain -ranges. 
They  may  be  looked  upon  as  the  crests  of  the  great  waves  into  which  the  crust  of  the 
earth  has  been  thrown.  All  the  great  mountain-lines  of  the  world  belong  to  this  type. 

'  Leaving  furtlier  details  of  mountain-topography  to  be  given  in  Book 
VIL,  we  may  confine  our  attention  here  to  a  few  of  the  more  important 
general  features.  In  elevations  of  the  fourth  or  true  mountain  type, 
there  may  be  either  one  line  or  range  of  heights,  or  a  series  of  pai*allel 
and  often  coalescent  ranges.  In  the  Western  Territories  of  the  United 
States,  the  vast  plateau  has  been,  as  it  were,  wrinkled  by  the  uprise  of 
long  intermittent  ridges,  with  broad  plains  and  basins  between  them. 
Each  of  these  forms  an  independent  mountain-range.  In  the  heart  of 
Europe,  the  Bernese  Oberland,  the  Pennine,  Lepontine,  Ehaetic,  and 
other  ranges  forna  one  great  Alpine  chain  or  system. 

In  a  great  mountain-chain,  such  as  the  Alps,  Himalayas,  or  Andes, 
there  is  one  general  persistent  trend  for  the  successive  ridges.  Here 
and  there,  lateral  offshoots  may  diverge,  but  the  dominant  direction  of 
the  axis  of  the  main  chain  is  generally  observed  by  its  component  ridges 
until  they  disappear.  Yet  while  the  general  parallelism  is  preserved,  no 
single  range  may  be  traceable  for  more  than  a  comparatively  short  dis¬ 
tance  ;  it  may  be  found  to  pass  insensibly  into  another,  while  a  third  may 
be  seen  to  begin  on  a  slightly  different  line,  and  to  continue  with  the 
same  dominant  trend  until  it  in  turn  becomes  confluerit.  The  various 
ranges  are  thus  apt  to  assume  an  arrangement  en  iclielon. 

The  ranges  are  separated  by  longitudinal  valleys,  that  is,  depressions 
coincident  with  the  general  direction  of  the  chain.  These,  though 
sometimes  of  great  length,  are  relatively  of  narrow  width.  The  valley 
of  the  Rhdne,  from  the  source  of  the  river  down  to  Martigny,  offers  an 
excellent  example.  By  a  second  series  of  valleys  the  ranges  are  trenched, 
often  to  a  great  depth,  and  in  a  direction  transverse  to  the  general  trend. 
The  Rhone  furnishes  also  an  example  of  one  of  these  transverse  valleys, 
in  its  course  froixl  Martigny  to  the  Lake  of  Geneva.  In  most  mountain 
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the  heads  of  two  adjacent  transverse  valleys  are  often  connected 
by  a  depression  or  ‘pass  {co\  jack). 

A  large  block  of  mountain  ground,  rising  into  one  or 
more  dominant  summits,  and  more  or  less  distinctly  defined 


by  longitudinal  and  transverse  valleys,  is  termed  in  French 
a  massif — a  word  for  which  there  is  no  good  English  equi¬ 
valent.  Thus  in  the  Swiss  Alps  we  have  the  massifs  of  the 
Glarniscb,  the  Todi,  the  Matterhorn,  the  Jungfrau,  etc. 

Very  exaggerated  notions  are  common  regarding  the 
angle  of  declivity  in  mountains.  Sections  drawn  across  any 
mountain  or  mountain-chain  on  a  true  scale,  that  is,  with 
the  length  and  height  on  the  same  scale,  bring  out  the 
fact  that,  even  in  the  loftiest  mountains,  the  breadth  of 
base  is  always  very  much  greater  than  the  height.  Actual 


B 

1. — Angles  of  Slui)e  where  the  eye  maybe  deceived  by  perspective.  (After  Ruskin.) 

A,  Mountain  outline ;  B,  The  same  outline  as  shown  by  cottage  roof. 

vertical  precipices  are  less  frequent  than  is  usually  supposed, 
and  even  when  they  do  occur,  generally  form  minor  in¬ 
cidents  in  the  declivities  of  mountains.  Slopes  of  more 
than  30'^  in  angle  are  likewise  far  less  abundant  than  casual 
tourists  believe.  Even  such  steep  declivities  as  those  of 
SS"*  or  40°  are  most  frequently  found  as  toZws-slopes  at  the 
foot  of  crumbling  cliffs,  and  represent  the  angle  of  repose 
of  the  disintegrated  debris.  Here  and  there,  where  the 
blocks  loosened  by  weathering  are  of  large  size,  they  may 
accumulate  upon  each  other  in  such  a  manner  that  for 
short  distances  the  average  angle  of  declivity  may  mount 
as  high  as  65°.  But  such  steep  slopes  are  of  limited 


extent.  Declivities  exceeding  40°,  and  bearing  a  large 
proportion  to  the  total  dimensions  of  hill  or  mountain,  are  always  found 


to  consist  of  naked  solid  rock. 
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In  estimating  angles  of  inclination  from  a  distance,  the  student  will 
learn  by  practice  bow  apt  is  the  eye  to  be  deceived  by  perspective  and 
to  exaggerate  the  true  declivity,  sometimes  to  mistake  a  horizontal  for  a 
highly  inclined  or  vertical  line.  The  mountain  outline  shown  in  Tig.  1 
presents  a  slope  of  25°  between  a  and  5,  of  45°  between  h  and  c,  of  17° 
between  c  and  d,  of  40°  between  d  and  e,  and  of  70°  between  e  and  /. 
At  a  great  distance,  or  with  bad  conditions  of  atmosphere,  these  might 
be  believed  to  be  the  real  declivites.  Yet  if  the  same  angles  be  observed 
in  another  way  (as  on  a  cottage  roof  at  B),  we  may  learn  that  an 
apparently  inclined  surface  may  really  be  horizontal  (as  from  a  to  h  and 
from  c  to  d),  and  that  by  the  effect  of  perspective,  slopes  may  be  made 
to  appear  much  steeper  than  they  really  are.^ 

Much  evil  has  resulted  in  geological  research  from  the  use  of 
exaggerated  angles  of  slope  in  sections  and  diagrams.  It  is  therefore 
desirable  that  the  student  should,  from  the  beginning,  accustom  himself 
to  the  drawing  of  outlines  as  nearly  as  possible  on  a  true  scale.  The 
accompanying  section  of  the  Alps  by  De  la  Beche  (Fig.  2)  is  of  interest  in 
this  respect,  as  one  of  the  earliest  illustrations  of  the  advantage  of 
constructing  geological  sections  on  a  true  scale  as  to  the  relative  propor¬ 
tions  of  height  and  length.^ 

Table-lands  or  Plateaux  are  elevated  regions  of  flat  or  undulating 
country,  rising  to  heights  of  1000  feet  and  upwards  above  the  level  of  the 
sea.  They  are  sometimes  bordered  with  steep  slopes,  which  descend  from 
their  edges,  as  the  table-land  of  the  Spanish  peninsula  does  into  the  sea. 
In  other  cases,  they  gradually  sink  into  the  plains  and  have  no  definite 
boundaries ;  thus  the  prairie-land  west  of  the  Missouri  slowly  and 
imperceptibly  ascends  until  it  becomes  a  vast  plateau  from  4000  to  5000 
feet  above  the  sea.  Occasionally  a  high  table-land  is  encircled  with  lofty 
mountains,  as  in  those  of  Quito  and  Titicaca  among  the  Andes,  and  that 
of  the  heart  of  Asia  ]  or  it  forms  in  itself  the  platform  on  which  lines  of 
mountains  stand,  as  in  North  America,  where  the  ranges  included  within 
the  Rocky  Mountains  reach*  elevations  of  from  10,000  to  14,000  feet  above 
the  sea,  but  no  more  than  from  5000  to  10,000  feet  above  the  table-land. 

Two  types  of  table-land  structure  may  be  observed.  1.  Table-lands 
consisting  of  level  or  gently  undulated  sheets  of  rock,  the  general  surface 
of  the  country  corresponding  with  that  of  the  stratification.  The  Rocky 
Mountain  plateau  is  an  example  of  this  type,  which  may  be  called  that  of 
Deposit,  for  the  flat  strata  have-  been  equably  upraised  nearly  in  the 
position  in  which  they  were  deposited.  2.  Table-lands  formed  out  of 
contorted,  crystalline,  or  other  rocks,  which  have  been  planed  down  by 
superficial  agents.  This  type,  where  the  external  form  is  independent  of 

^  Mr.  Buskin  has  well  illustrated  this  point.  See  ‘  Modern  Painters,’  vol.  iv.  p.  183, 
whence  the  illustrations  in  Fig.  1  are  taken. 

^  ‘Sections  and  Views,  illustrative  of  Geological  Phenomena,’  1830.  ‘  Geol.  Observer,’ 

p.  646.  Excellent  models  for  the  graphic  and  at  the  same  time  artistic  rendering  of 
geological  sketches  and  sections  may  be  found  in  the  admirable  illustrations  drawn  by 
Professor  Heim  of  Zurich  in  his  work  on  the  ‘  Mechanismus  der  Gebirgsbildung,’  and  in  his 
contributions  to  the  Beitr'dge  zur  Geologische^i  Karte  der  Schweiz. 
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geological  structure,  may  be  termed  that  of  Erosion.  The  Jjelds  of  Norway 
are  portions  of  such  a  table-land.  In  proportion  to  its  antiquity,  a  plateau 
is  trenched  by  running  water  into  systems  of  valleys,  until  in  the  end  it 
may  lose  its  plateau  character  and  pass  into  the  second  type  of  mountain- 
ground  above  described.  This  change  has  largely  altered  the  ancient 
table-lands  of  the  Scottish  Highlands  and  of  Scandinavia. 

Plains  are  tracts  of  lowland  (under.  1000  feet  in  height)  which  skirt 
the  sea-board  of  the  continents  and  stretch  inland  up  the  river-valleys. 
The  largest  plain  in  the  world  is  that  which,  beginning  in  the  centre  of 
the  British  Islands,  stretches  across  Europe  and  Asia.  On  the  west,  it  is 
bounded  by  the  ancient  table-lands  of  Scandinavia,  Scotland,  and  Wales 
on  the  one  hand,  and  those  of  Spain,  France,  and  Germany  on  the  other. 
Most  of  its  southern  boundary  is  formed  by  the  vast  belt  of  high  ground 
which  spreads  from  Asia  Minor  to  the  east  of  Siberia.  Its  northern 
margin  sinks  beneath  the  waters  of  the  Arctic  Ocean.  This  vast  region  is 


divided  into  an  eastern  and  western  tract  by  the  low  chain  of  the  Ural 
Mountains,  south  of  which  its  general  level  sinks,  until  underneath  the 
Caspian  Sea  it  reaches  a  depression  of  about  3000  feet  below  sea-level. 
Along  the  eastern  sea-board  of  America  lies  a  broad  belt  of  low  plains, 
which  attain  their  greatest  dimensions  in  the  regions  watered  by  the 
larger  rivers.  Thus  they  cover  thousands  of  square  miles  on  the  north 
side  of  the  Gulf  of  Mexico,  and  extend  for  hundreds  of  miles  up  the  valley 
of  the  Mississippi.  Almost  the  whole  of  the  valleys  of  the  Orinoco, 
Amazon,  and  La  Plata  is  occupied  with  vast  plains. 

From  the  evidence  of  upraised  marine  shells,  it  is  certain  that  large 
portions  of  the  great  plain  of  the  Old  World  comparatively  recently  formed 
part  of  the  sea-floor.  On  the  other  hand,  the  beds  of  some  enclosed 
sea-basins,  such  as  that  of  the  North  Sea,  have  at  no  very  remote  date 
been  plains  of  the  dry  land. 

It  is  obvious,  from  their  distribution  along  river- valleys,  and  on  the 
areas  between  the  base  of  high  grounds  and  the  sea,  that  plaips  are 
essentially  areas  of  deposit.  They  are  the  tracts  that  have  received  the 
detritus  washed  down  from  the  slopes  above  them,  whether  that  detritus 
has  originally  accumulated  on  the  land  or  below  the  sea.  Their  sui-face 
presents  everywhere  loose  sandy,  gravelly,  or  clayey  formations,  indicative 
of  its  comparatively  recent  subjection  to  the  operation  of  running  water. 

(2)  Coast-lines. — A  mere  inspection  of  a  map  of  the  globe  brings 
before  the  mind  the  striking  differences  which  the  masses  of  land  present 
in  their  line  of  junction  with  the  sea.  As  a  rule,  the  southern  continents 
possess  a  more,  uniform  unindented  coast- line  than  the  northern.  It  has 
been  estimated  that  the  ratios  between  area  and  coast-line  among  the 
different  continents  stand  approximately  as  in  the  following  table  from 


E.  E-ecliis  : — 

r  Europe  has  1  kilometre  of  coast-line  to  289  square  kilometres  of  surface. 


Kortbenri  Korth  America 
I  Asia 
r  Africa 

Southern-^  South  America 
I  Australia 


407 

763 

1420 

689 
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It  will  be  seen  that  Europe  is  the  continent  most  abundantly  pene¬ 
trated  by  indentations  of  the  sea.  Some  portions  of  it  are  specially 
remarkable  in  this  respect,  particularly  Scandinavia  in  the  north  and 
Greece  and  Turkey  in  the  south.  Reference  to  the  map  will  show  also 
that  in  the  American  continent  a  remarkable  increase  in  the  proportion 
of  coast-line  to  area  is  traceable  both  towards  the  extreme  north  and 
extreme  south.  This  increase  is  particularly  marked  south  of  lat.  4-0°  S. 

In  estimating  the  relative  potency  of  the  sea  and  of  the  atmospheric 
agents  of  disintegration,  in  the  task  of  wearing  down  the  land,  it  is 
evidently  of  great  importance  to  take  into  account  the  amount  of  surface 
respectively  exposed  to  their  operations.  Other  things  being  equal,  there 
is  relatively  more  marine  erosion  in  Europe  than  in  North  America.  But 
we  require  also  to  consider  the  nature  of  the  coast-line,  whether  fiat  and 
alluvial,,  or  steep  and  rocky,  or  with  some  intermediate  blending  of  these 
two  characters.  By  attending  to  this  point,  we  are  soon  led  to  observe 
such  great  differences  in  the  character  of  coast-lines,  and  such  an  obvious 
relation  to  differences  of  geological  structure,  on  the  one  hand,  and  to 
diversities  in  the  removal  or  deposit  of  material,  on  the  other,  as  to 
suggest  that  the  present  coast-lines  of  the  globe  cannot  be  aboriginal,  but 
must  be  referred  to  the  operation  of  geological  agents  still  at  work. 
This  inference  *  is  amply  sustained  by  more  detailed  investigation. 
While  the  general  distribution  of  land  and  water  and  the  main  trend 
of  the  lines  of  junction  between  them  must  undoubtedly  be  assigned  to 
terrestrial  movements  affecting  the  solid  globe,  the  details  of  the  present 
actual  coasts  of  the  land  have  evidently  been  chiefly  produced  by  local 
and  especially  superficial  causes.  The  most  effective  of  these  causes  has 
been  the  influence  of  the  various  agents  of  denudation.  In  general  it 
may  be  said  that  headlands  project  from  the  land  because  they  consist 
of  rock  which  has  been  better  able  to  withstand  the  shock  of  the  breakers, 
and  that,  on  the  other  hand,  bays  and  creeks  have  been  cut  out  of  less 
durable  material,  which  offered  a  feebler  resistance  to  the  inroads  of  the 
sea.  A  highly  important  influence  on  the  form  of  the  coast  has  been 
exerted-  by  movements  of  elevation  and  depression.  By  the  sinking  of 
land,  ranges  of  hills  have  become  capes  and  headlands,  while  the  valleys 
have  passed  into  the  condition  of  bays,  inlets,  or  fjords.  By  the  uprise 
of  the  sea-bottom,  tracts  of  low  alluvial  ground  have  been  added  to  the 
land.  Again,  for  many  hundreds  of  miles  both  in  the  old  and  new  worlds 
the  coast-line  has  been  altered  by  the  deposition  of  long  bars  of  sediment. 
These  bars,  so  conspicuous,  for  example,  in  Europe  from  Antwerp  to  the 
Scager  Rack,  all  along  the  south  coast  of  Iceland,  and  in  the  United 
States  from  the  Florida  Channel  to  New  Jersey,  keep  hack  the  sea  from 
encroaching  on  the  land,  so  that  where  the  supply  of  sediment  compensates 
for  what  is  swept  away  by  the  waves  and  currents  from  the  bars,  the 
coast  inside  may  remain  for  a  long  period  with  hardly  any  change,  or  may 
even  grow  out  into  the  protected  water  of  the  lagoons.  It  is  thus 
evident  that  speculations  as  to  the  history  of  the  elevation  of  the  land, 
based  merely  upon  inferences  from  the  form  of  coast-lines  as  expressed 
upon  ordinary  maps,  can  hardly  be  of  much  real  service.  To  make  them 
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worthy  of  consideration  demands  a  careful  scrutiny  of  the  actual  coast¬ 
lines,  and  an  amount  of  geological  investigation  which  would  require  long 
and  patient  toil  for  its  accomplishment. 

Passing  from  the  mere  external  form  of  the  land  to  the  composition 
and  structure  of  its  materials,  we  may  begin  by  considering  the  general 
density  of  the  entire  globe,  computed  from  observations  and  compared 
with  that  of  the  outer  and  accessible  portion  of  the  planet.  Eeference 
has  already  been  made  to  the  comparative  density  of  the  earth  among 
the  other  members  of  the  solar  system.  In  inquiries  regarding  the 
history  of  our  globe,  the  density  of  the  whole  mass  of  the  planet,  as 
compared  with  water — the  standard  to  which  the  specific  gravities  of 
terrestrial  bodies  are  referred — is  a  question  of  prime  importance. 
Various  methods  have  been  employed  for  determining  the  earth’s 
density.  The  deflection  of  the  plumb-line  on  either  side  of  a  mountain 
of  known  structure  and  density,  the  time  of  oscillation  of  the  pendulum 
at  great  heights,  at  the  sea-level,  and  in  deep  mines,  and  the  comparative 
force  of  gravitation  as  measured  by  the  torsion  balance,  have  each  been 
tried  with  the  following  various  results  : — 


Plumb-linG  experiments  on  Scliichallien  (Maskelyiie  and  Playfair) 


gave  as  the  mean  density  of  the  earth  . 

.  4-713 

Do.  on  Arthur’s  Seat,  Edinburgh  (James)  . 

.  5-316 

Pendulum  experiments  on  Mont  Cenis  (Carlini  and  Giiilio) 

.  4-950 

Do.  in  Harton  coal-pit,  Newcastle  (Airy)  . 

.  6-565 

Torsion  balance  experiments  (Cavendish,  1798) 

.  5-480 

Do.  do.  (Reich,  1838) 

.  5-49-5’58 

Do.  do.  (baily,  1843) 

.  5-660 

Do.  do.  (Cornu  and  Bailie,  1870) 

.  5-56-5  *50 

Common  balance  (von  Jolly,  1879-80)  .... 

.  5-692 

Do.  do.  (J.  H.  Poynting,  1878-90) 

.  5-493 

Pendulum  balance  (Uilsiiig,  1886-88)  .... 

.  5*594 -5’577 

Improved  torsion  balance  (C.  V.  Boys)  .... 

.  5-5270 

Double  balance  (Richard  and  Krigar-Menzel,  1884-93) 

.  5-505 

Torsion  (Braun,  1892-94) . 

.  5-520^5-531 

Pendulum  (fh  R.  Putnam,  1895) . 

.  5-63 

Though  these  observations  are  somewhat  discrepant,  we  may  feel 
satisfied  that  the  globe  has  a  mean  density  neither  much  more  nor  much 
less  than  5*5 ;  that  is  to  say,  it  is  five  and  a  half  times  heavier  than  one 
of  the  same  dimensions  formed  of  pure  water.  Now  the  average  density 
of  the  materials  which  compose  the  accessible  portions  of  the-  earth  is 
between  2*5  and  3  ;  so  that  the  mean  density  of  the  whole  globe  is  about 
twice  as  much  as  that  of  its  outer  part.  We  may,  therefore,  infer  that 
the  inside  consists  of  heavier  materials  than  the  outside,  and  consequently 
that  the  mass  of  the  planet  must  contain  at  least  two  dissimilar  portions 
— an  exterior  lighter  crust  or  rind,  and  an  interior  heavier  nucleus.^ 

^  The  importance  of  obtaining  numerous  pendulum  observations  Tor  geological  as  well  as 
geodetical  purposes  is  now  being  realised.  See  Mr.  Putnam’s  paper,  “  Eesults  of  a  Trans¬ 
continental  Series  of  Gravity  Measurements,”  with  notes  by  Mr.  G.  K.  Gilbert,  Bull.  Phil. 
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§  2.  The  Crust. — It  was  formerly  the  prevalent  helief  that  the  exterior 
and  interior  of  the  globe  differ  from  each  other  to  such  an  extent  that, 
while  the  outer  parts  are  cool  and  solid,  the  vastly  more  enormous  inner 
intensely  hot  part  is  more  or  less  completely  liquid.  Hence  the  term 
‘‘crust’’  was  applied  to  the  external  rind  in  the  usual  sense  of  that 
word.  This  crust  was  variously  computed  to  be  ten,  fifteen,  twenty, 
or  more  miles  in  thickness.  In 
the  accompanying  diagram  (Fig. 

3),  for  example,  the  thick  line 
forming  the  circle  represents  a 
relative  thickness  of  100  miles. 

There  are  so  many  proofs  of 
enormous  and  widespread  cor¬ 
rugation  of  the  materials  of  the 
earth’s  outer  layers,  and  such 
abundant  traces  of  former  vol¬ 
canic  action,  that  geologists  have 
naturally  regarded  the  doctrine 
of  a  thin  crust  over  a  liquid 
interior  as  necessary  for  the  ex¬ 
planation  of  a  large  class  of  terres¬ 
trial  phenomena.  This  doctrine, 
as  will  be  afterwards  more  fully 
explained,  has  been  opposed 
by  eminent  physicists,  and  was  reluctantly  abandoned  by  most  geologists. 
Nevertheless,  the  term  “crust”  has  continued  to  be  used,  apart  from  all 
theory  regarding  the  nucleus,  as  a  convenient  word  to  denote  those 
cool,  solid  upper  or  outer  layers  of  the  earth’s  mass  in  the  structure  and 
history  of  which,  as  the  only  portions  of  the  planet  accessible  to  human 
observation,  lie  the  chief  materials  of  geological  investigation.  The 
tendency  of  the  most  recent  reconsideration  of  the  question  from  the 
physical  side  is  rather  to  sustain  the  idea  that  the  “  crust  ”  really  does 
represent  an  external  solid  shell  enclosing  a  partly  liquid,  partly 
gaseous  interior.  This  subject  is  discussed  at  p.  65,  while  the  chemical 
and  mineral  constitution  of  the  crust  is  fully .  treated  in  Part  IL  of 
this  Book. 

§  3.  The  Interior  or  Nucleus'. — Though  the  mere  outside  skin  of 
our  planet  is  all  with  which  direct  acquaintance  can  be  expected,  the 
irregular  distribution  of  materials  beneath  the  crust  may  be  inferred 
from  the  present  distribution  of  land  and  water,  and  the  observed 
differences  in  the  amount  of  deflection  of  the  plumb-line  near  the  sea  and 
near  mountain-chains.  The  fact  that  the  southern  hemisphere  is  almost 
wholly  covered  with  water,  appears  only  explicable,  as  already  remarked, 
on  the  assumption  of  an  excess  of  density  in  the  mass  of  that  half  of  the 
planet.  The  existence  of  such  a  vast  sheet  of  water  as  that  of  the  Pacific 

Soc.  Washington,  xiii.  pp.  31-76  ;  and  also  Rev.  0.  Fisher,  Phil.  Mag.  for  July  1886,  and 
xxxvii.  (1894),  p.  375,  also  his  ‘Physics  of  the  Earth’s  Crust,’  chap.  xv.  ;  and  the  paper  by 
Major  Burrard,  cited  ante,  p.  20. 


Fig.  3.— Supposed  Crust  of  the  Earth,  100  Miles  thick. 
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Ocean  is  to  be  accounted  for,  says  Archdeacon  Pratt,  by  the  presence  of 
“  some  excess  of  matter  in  the  solid  parts  of  the  earth  between  the  Pacific 
Ocean  and  the  earth’s  centre,  which  retains  the  water  in  its  place,  other¬ 
wise  the  ocean  would  flow  away  to  the  other  parts  of  the  earth.”  ^  The 
same  writer  points  out  that  a  deflection  of  the  plumb-line  towards  the  sea, 
which  has  in  a  number  of  cases  been  observed,  indicates  that  “the  density 
of  the  crust  beneath  the  mountains  must  be  less  than  that  below  the  plains, 
and  still  less  than  that  below  the  ocean-bed.”^  Apart,  therefore,  from 
the  depressions  of  the  earth’s  surface,  in  which  the  oceans  lie,  wo  must 
regard  the  internal  density,  w^hether  of  crust  or  nucleus,  to  be  somewhat 
irregularly  arranged, — there  being  an  excess  of  heavy  materials  in  the 
water-hemisphere  and  beneath  the  ocean-beds  as  compared  with  the 
continental  masses. 

As  already  stated,  it  has  been  argued  from  the  difference  between 
the  specific  gravity  of  the  whole  globe  and  that  of  the  crust,  that  the 
interior  must  consist  of  heavier  material,  and  may  be  metallic-  The 
effect'  of  the  enormous  internal  pressure  might  be  supposed  to  make 
the  density  of  the  nucleus  much  higher,  even  if  the  interior  consisted 
of  matter  which,  on  the  surface,  would  be  no  heavier  than  that  of 
the  crust,  and  an  argument  might  be  maintained  for  the  probable 
comparative  lightness  of  the  substance  composing  the  nucleus.  That 
the  total  density  of  the  planet  does  not  greatly  exceed  its  observed 
amount,  may  indicate  that  some  antagonistic  force  counteracts  the 
effect  of  pressure.  The  only  force  we  can  suppose  capable  of  so 
acting  is  heat.  It  must  be  admitted  that  we  have  still  much  to  learn 
respecting  the  laws  that  regulate  the  compression  of  solids,  liquids, 
and  gases  under  such  vast  pressures  as  must  exist  within  the  earth’s 
interior.  Even  with  the  comparatively  feeble  pressures  attainable  in 
our  physical  laboratories,  gases  and  vapours  can  be  compressed  into 
liquids,  sometimes  even  into  solids,  and  in  the  liquid  condition  another 
law  of  compressibility  appears  to  begin.  We  know  also  from  experiment 
that  some  substances  have  their  melting-point  raised  b^^  pressure.*^  It 
may  be  argued  that  the  same  effect  takes  place  within  the  earth  ;  that 
pressure  increasing  inward  to  the  centre  of  the  globe,  while  augment¬ 
ing  the  density  of  each  successive  shell,  may  retain  the  whole  in  a 
practically  solid  condition,  yet  at  temperatures  far  above  the  normal 
melting-points  at  the  surface.  The  difference  between  the  density  of 
the  whole  globe  and  that  of  the  crust  might  on  this  view  of  the 
subject  he  due  to  pressure,  rather  than  to  any  essential  difference  of 
composition.  Laplace  proposed  the  hypothesis  that  the  increase  of  the 
square  of  the  density  is  proportional  to  the  increase  of  the  pressure, 
which  gives  a  density  of  8*23  at  lialf  the  terrestrial  radius  and  of 

^  ‘Figure  of  the  Earth,’  4th  erlit.  p.  236. 

-  Op.eit.-p.  200.  See  also  Herschel,  ‘  Pliys.  Geog.’  §  13.  0.  Fisher,  (Jamhridgc  Phil. 

Trans,  xii.  part  ii. ;  ‘Physics  of  the  Earth’s  Crust,’  p.  124  ;  aud  Phil.  Mag.  July  1886.  Faye, 
Gomptes  rendus,  cii.  (1886),  p.  651. 

*  Under  a  pressure  of  792  atmospheres,  spermaceti  has  its  melting-point  raised  from  .51'^ 
to  80*2°,  and  wax  from  64*5'’  to  80’2°. 
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10*74  at  the  centre.  From  another  law  proposed  by  Professor  Darwin, 
the  density  at  half  the  radius  is  only  7*4,  but  thence  towards  the 
centre  increases  rapidly  up  to  infinity.^  Dr.  Pfaff  has  stated  that 
the  mean  terrestrial  density  of  5*5  may  not  be  incompatible  with 
the  notion  that  the  whole  globe  consists  of  materials  of  the  same 
density  as  the  rocks  of  the  crust. ^  The  following  table  by  Mr.  K  S. 
Woodward  combines  the  calculations  as  to  the  distribution  of  density 
and  pressure  between  the  earth’s  surface  and  centre  : — 

Variation  ob"  Terrestrial  Density,  Gravity,  and  Pressure 

ACCORDING  TO  THE  LaPLACIAN  LaW. 


Depth  in 

Acceleration  of 

Pressure  in 

Pressure  iu  Pounds 

Miles. 

Density. 

Gravity. 

Atmospheres. 

p(3r  Scpiare  Inch. 

0 

*2*75 

1  'OOOOg 

1  • 

15 

1 

400 

6,000 

2 

800 

1*2,000 

3 

1,-210 

18,150 

4 

... 

1,620 

24,300 

5 

2*76 

l*06()6g 

2,0*20 

30,300 

10 

2*78 

l*00l2g 

4,200 

63,000 

15 

2*79 

1  -OOlSg 

6,390 

95,850 

20 

i  2*81 

1  •0024g 

8,600 

129,000 

50 

!  2*89 

l*0060g 

22,000 

330,000 

100 

!  3*03 

l*01l6g 

45,300 

679,500 

500 

:  418 

l*0379g 

236,000 

3,540,(100 

560 

4*36 

1  -OSSOg 

!  318,000 

4,770,000 

610 

'  4*50 

l*039*2g^ 

354,000  1 

5,310,000 

660 

4*65 

1  •0389g 

1  391,000 

5,865,000 

1000 

'  5*63 

1  •0225g 

!  672,000 

10,080,000 

2000 

'  8*28 

0*831*2g  ! 

!  1,700,000 

25,500,000 

3000 

'  1012 

0*4567g 

2,640,000 

39,600,000 

3950 

i  10-74 

1 

0 -OOOOg  j 

1  3,000,000 

45,000,000 

_ 

! 

_ _  . . . 

_ _ _  _  . 

Analogies  in  the  solar  system,  as  well  as  the  actual  structure  of  the 
rocky  crust  of  the  globe,  suggest  that  heavier  metallic  ingredients  possibly 
predominate  in  the  nucleus.  If  the  materials  of  the  globe  were  once  in 
a  liquid  condition,  they  would  then  doubtless  be  subject  to  internal 
arrangement  in  accordance  with  their  relative  specific  gravities.  We  may 
conceive  that  there  would  be,  so  long  as  internal  mobility  lasted,  a  tendency 
in  the  denser  elements  of  our  planet  to  gravitate  towards  the  centre,  in 
the  lighter  to  accumulate  outside.  That  a  distribution  of  this  nature  has 
certainly  taken  place  to  some  extent,  is  evident  from  the  structure  of  the 
envelopes  and  crust.  It  is  what  might  be  expected,  if  the  constitution  of 

^  See  the  calculations  and  comparison  of  tlie  two  laws  given  by  the  Rev.  0.  Fisher, 

‘  Physics  of  the  Earth’s  Crust,’  2nd  edit.  chap.  ii.  Legendre  supposed  that  the  density  bein^^ 
2*5  at  the  surface,  it  is  8*5  at  half  the  length  of  the  radius  and  11*3  at  the  centre.  More 
recently  E.  Roche  calculated  these  densities  to  be  2*1,  8*5,  and  10*6  respectively. 

^  ‘  Allgemeine  Geologic  als  exacte  Wissenschaft,’  p.  42. 

^  This  is  the  maximum  value,  and  the  corresponding  depth,  610  miles,  is  the  depth  at 
which  a  given  mass  would  have  the  greatest  weight.  13th  Ann.  Rep.  U.S.  Gaol.  Hurvey. 
1894,  p-  236.  See  also  Mr.  C.  S.  Schlichter,  “  Note  on  the  Pressure  within  the  Eartli,”  Jmirn. 
Geol.  vi.  (1898),  p.  65. 
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the  globe  resembles,  on  a  small  scale,  the  larger  planetary  system  of 
which  it  forms  a  part.  But  Before  proceeding  further  in  the  discussion  of 
the  probable  nature  and  condition  of  the  interior,  we  may  with  advantage 
consider  the  evidence  that  is  available  from  actual  observation  regarding 
the  temperature  of  that  interior. 

Evidence  of  Internal  Heat. — In  the  evidence  obtainable  as  to  the 
former  history  of  the  earth,  no  fact  is  of  more  importance  than  the  existence 
of  a  high  temperature  beneath  the  crust,  which  has  now  been  placed 
beyond  all  doubt.  This  feature  of  the  planet’s  organisation  is  made  clear 
by  the  following  proofs  :  — ^ 

(1)  Volcanoes. — In  many  regions  of  the  earth’s  surface,  openings  exist 
from  which  steam  and  hot  vapours,  ashes  and  streams  of  molten  rock, .  are 
from  time  to  time  emitted.  The 'abundance  and  wide  diffusion  of  these 
openings,  inexplicable  by  any  mere  local  causes,  must  be  regarded  as 
indicative  of  a  very  high  internal  temperature.  If  to  the  still  active  vents 
of  eruption  we  add  those  which  have  formerly  been  the  channels  of 
communication  between  the  interior  and  the  surface,  there  are  perhaps 
few  large  regions  of  the  globe  where  proofs  of  volcanic  action  cannot  be 
found.  Everywhere  we  meet  with  masses  of  molten  rock  which  have 
risen  from  below,  as  if  from  some  general  reservoir.  The  phenomena  of 
active  volcanoes  are  fully  discussed  in  Book  III.  Part  L 

(2)  Hot  Springs. — Where  volcanic  eruptions  have  ceased,  evidence  of  a 
high  internal  temperature  is  still  often  to  be  found  in  springs  of  hot  water 
which  continue  for  centuries  to  maintain  their  heat.  Thermal  springs, 
however,  are  not  confined  to  volcanic  districts.  They  sometimes  rise  even 
in  regions  many  hundreds  of  miles  distant  from  any  active  volcanic 
vent.  The  hot  springs  of  Bath  (temp.  120''  Fahr.)  and  Buxton  (temp. 
82°  Fahr.)  in  England  are  fully  900  miles  from  the  Icelandic  volcanoes 
on  the  one  side,  and  1100  miles  from  those  of  Italy  and  Sicily  on  the 
other. 

(3)  Bormgs,  Wells,  Mines,  and  Beep  Tunnels. — The  influence  of  the 
seasonal  changes  of  temperature  extends  downward  from  the  surface  to  a 
depth  which  varies  with  latitude,  with  the  thermal  conductivity  of  soil  and 
rocks,  and  perhaps  with  other  causes.  The  cold  of  winter  and  the  heat 
of  summer  may  be  regarded  as  following  each  other  in  successive  waves 
downward,  until  they  disappear  along  a  limit  at  which  the  temperature 
remains  constant.  This  ^sone  of  invariable  temperature  is  commonly 
believed  to  lie  at  a  depth  of  somewhere  between  60  and  80  feet  in  tem¬ 
plate  regions.  At  Yakutsk  in  Eastern  Siberia  (lat.  62°  N.),  however, 
as  shown  in  a  well-sinking,  the  soil  is  permanently  frozen  to  a  depth  of 
rather  more  than  600  feet,  where  fluid  water  is  reached.^  In  Java,  on 

^  A  good  general  account  of  tliis  subject  will  be  found  in  E.  Bunker’s  ^Ueber  die 
Warme  im  Inneren  der  Erde,’  Stuttgart,  1896,  pp.  x:,  24^.  The  author  supplies  information 
regarding  the  most  important  borings  and  mine  observations  up  to  the  time  of  his  writing. 
Another  useful  digest  of  the  facts  will  be  found  in  Gunther’s  ‘  Handbuch  der  Geophysik," 
2nd  edit.  vol.  i.  pp.  328-848. 

-  Von  Middeiidorff,  ‘Eeise  in  den  aussersteii  Nordeii  und  Osten  Sibiriens,’  St. 
Petersburg,  1848.  Helmersen,  Brit.  Assoc.  Rep.  1871,  p.  22.  See  vol.  for  1886,  p.  271. 
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the  other  hand,  a  constant  temperature  is  said  to  he  met  with  at  a  depth 
of  only  2  or  3  feet.^ 

It  is  a  remarkable  fact,  now  verified  by  observation  all  over  the  world, 
that  below  the  limit  of  the  influence  of  ordinary  seasonal  changes  the 
temperature,  so  far  as  we  yet  know,  is  nowhere  found  to  diminish  down¬ 
wards.  It  always  rises;  and  its  rate  of  increment  seldom  falls  much 
below  a  general  average.  The  most  exceptional  cases  occur  under  circum¬ 
stances  not  difficult  of  explanation.  On  the  one  hand,  the  neighbourhood 
of  hot-springs,  of  large  masses  of  lava,  or  of  other  manifestations  of 
volcanic  activity,  may  raise  the  subterranean  temperature  much  above  its 
normal  condition ;  and  this  augmentation  may  not  disappear  for  many 
thousand  years  after  the  volcanic  activity  has  wholly  ceased,  since  the 
cooling  down  of  a  subterranean  mass  of  lava  must  necessarily  be  a  very 
slow  process.  Lord  Kelvin  has  even  proposed  to  estimate  the  age  of  sub¬ 
terranean  masses  of  intrusive  lava  from  their  excess  of  temperature  above 
the  normal  amount  for  their  isogeotherms  (lines  of  equal  earth* tem¬ 
perature),  some  probable  initial  temperature  and  rate  of  cooling  being 
assumed.  On  the  other  hand,  the  spread  of  a  thick  mass  of  snow  and  ice 
over  any  considerable  area  of  the  earth’s  surface,  and  its  continuance 
there  for  several  thousand  years,  would  so  depress  the  isogeotherms  that, 
for  many  centuries  afterwards,  there  would  be  a  fall  of  temperature  for  a 
certain  distance  downwards.  At  the  present  day,  in  the  more  northerly 
parts  of  the  northern  hemisphere,  there  are  such  evidences  of  a  former 
more  rigorous  climate,  as  in  the  well-sinking  at  Yakutsk  just  referred 
to.^  A  line,  north  of  which  the  ground  beneath  the  surface  is  permanently 
frozen,  can  be  traced  across  Northern  Russia  by  Tobolsk  to  Tomsk,  thence 
eastward  by  Lake  Baikal  to  the  Sea  of  Okhotsk,  and  across  Alaska  and 
Canada  south  of  the  Great  Slave  Lake  and  Lake  Winnipeg  to  the  eastern 
coast  of  Labrador.^  Lord  Kelvin  has  calculated  that  any  considerable 
area  of  the  earth’s  surface  covered  for  several  thousand  years  by  snow  or 
ice,  and  retaining,  after  the  disappearance  of  that  frozen  covering,  an 
average  surface  temperature  of  IS"*  C.,  “Avould  during  900  years  show  a 
decreasing  temperature  for  some  depth  down  from  the  surface,  and  3600 
years  after  the  clearing  away  of  the  ice  would  still  show  residual  effect  of 
the  ancient  cold,  in  a  half  rate  of  augmentation  of  temperature  downwards 
in  the  upper  strata,  gradually  increasing  to  the  whole  normal  rate,  which 
would  be  sensibly  reached  at  a  depth  of  600  metres.”  ^ 

This  exceptional  depth  of  frozen  soil  is  probably  connected  with  the  former  (iontinuauce  of 
the  Ice  Age  referred  to  in  the  next  paragraph. 

^  Junghuhn’s  ‘Java,’  ii.  p.  771. 

-  Professor  Prestwich  (Inaugural  Lecture,  1875,  p.  45)  suggested  that  to  the  more  rapid 
refrigeration  of  the  earth’s  surface  during  this  cold  period,  and  to  the  consequent  depression 
of  the  subterranean  isothermal  lines,  the  alleged  present  comparative  quietude  of  the  volcanic 
forces  is  to  be  attributed,  the  internal  heat  not  having  yet  recovered  its  dominion  in  the  outer 
crust.  See  his  ‘Collected  Papers  on  some  Controverted  Questions  in  Geology,’  p.  159  ;  also 
Mr.  C.  Davison,  Geol.  Mag.  1895,  p.  356  ;  and  Eev.  0.  Fisher,  PUl  Mag.  July  1899,  p.  134  ; 
Harboe,  Z.  D.  G,  G.  1.  (1898),  p.  441,  audli.  (1899),  pp,  322,  526. 

^  Pescliel-Leipoldt,  ‘  Physische  Erdkunde,’ Leipzig,  1879,  Band  i.  p,  185. 

^  BHt.  Assoc.  Reports,  1876,  Sections,  p.  3. 
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Beneath  the  limit  to  which  the  influence  of  the  changes  of  the  seasons 
extends,  observations  all  over  the  globe,  and  at  many  didcrent  elevations, 
give  an  increase  of  temperature  downwards,  or  “  temperature  gradient,” 
the  computation  of  its  rate  being  based  especially  on  observations  in  deep 
mines  and  borings.  Professor  Prestwich  concluded,  from  a  largo  series  of 
observations  collated  by  him,  that  the  average  increment  might  be  1 
Fahr.  for  every  47*5  feet.’-  Observations  taken  in  the  extraordinarily 
deep  boring  at  Schladebach,  near  Diirrenberg,  showed  that  in  a  depth 
of  5736  feet  the  average  rise  of  temperature  was  1°  Fahr.  for  every  65 
feet.-  According  to  data  collected  by  a  Committee  of  the  British 
Association,  the  average  gradient  appears  to  be  1°  Fahr.  for  every  64 
feet^  or  ^^th  of  a  degree  per  foot. 

Isogeotherms  near  the  surface  follow  approximately  the  contours  of 
the  surface,  but  are  flatter  than  these,  and  ‘'their  flattening  increases  as 
we  pass  to  lower  ones,  until  at  a  considerable  depth  they  become  sensibly 
horizontal  planes.  The  temperature  gradient  is  consequently  steepest 
])eneath  gorges  and  least  steep  beneath  ridges.”^ 

While  there  is  everywher-e  a  progressive  increase  of  temperature 
downwards,  its  rate  is  by  np  means  uniform.  In  the  frozen  soil  of 
Yakutsk  the  increase  amounted  to  as  much  as  1^  Fahr.  for  every  28  feet."^ 
On  the  other  hand,  the  lowest  rate  yet  recorded  appears  to  be  that 
reported  by  Professor  A.  Agassiz,  from  Calumet,  Michigan,  where,  down 
to  a  depth  of  47 1 2  feet,  the  rate  of  augmentation  was  found  to  be  on  an 
average  V  Fahr.  for  every  223*7  feet.®  The  more  detailed  observationB 
which  have  been  made  in  recent  years  have  likewise  brought  to  light  the 
important  fact  that  considerable  variations  in  the  rate  of  increase  take 
place  even  in  the  same  bore.  The  temperatures  obtained  at  different 
depths  in  the  Eose  Bridge  colliery  shaft,  Wigan,  for  instance,  read  as  in 


the  following  columns ; 

Depth  in 

Tempei-ature  i 

1  Depth  in 

Temperature 

Vards.  j 

.  (Fahr.)  1 

Yards. 

(Fahr.) 

558  .  'V 

Do 

663 

.  85 

605  ..  . 

.  80 

1  671  .  . 

.  86 

630 

83  ' 

'  679  .  . 

.  87 

^  Froc.  Roy.  Soc.  xli.  (1S&5),  p.  55. 

2  Brit.  Assoc.  R^.  1889,  “Eeport  of  Underground  Temperature  Committee.” 

5  J.  D.  Everett,  BrU.  Assoc.  Rep.  1879,  Sections,  p.  845.  Compare  also  the  elaborate  ob¬ 
servations  made  in  the  St.  Gothard  Tunnel,  F.  Stapff,  ‘Rapports,  Conseil  Fdd.  St.  Gothard,' 
voL  viii.,  and  ‘Geologische  Durchschuitte  des  Gothard  Tunnels’;  “  liltude  del’Influence  de 
la  Chaleur  de  Tlnterieur  de  la  Terre,”  etc.,  Revue  Univ.  Mines,  1879-80.  Min.  Proc.  N. 
Mnglwiid  frist.  Mi^iing-Mechccn.  Engin.  xxxii.  (1883),  p.  19.  “  Reports  of  Committee  oir 

Underground  Temperature,”  Brit.  Assoc.  Rep.  from  1868  onwards,  with  summary  of  results 
in  the  volume  for  1882.  A  voluminous  and  valuable  collection  of  data  beairing  on  this 
subject  was  compiled  by  Professor  Prestwich  and  published  in  Proc.  Roy.  Soc.  xli.  (1885), 
p.  1.  A  revised  edition  of  this  paper  will  be  found  in  his  ^  Controverted  Questions  in 
Geology,’  pp.  166-279. 

^  Mr.  Fisher  has  suggested  that  this  exceptional  rapidity  may  be  due  to  the  lew  value 
of  the  conductivity  of  ice  (‘Physics  of  the  Earth’s  Crust,’  p.  7). 

^  Am&r.  Joum.  Bd.  Dee.  1895. 
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Depth  in 

Temperature 

Depth  in 

Temperature 

Yards. 

(Fahr.) 

Yards. 

(Fahr.) 

734 

.  88^ 

783 

92 

745 

.  89 

800 

93 

761 

90^ 

806  .  . 

.  93^ 

775 

.  9U- 

815  .  . 

.  94 

At  La  Chapelle,  in  an  important  well  made  for  the  water-supply  of 
Paris,  ohservations  have  been  taken  of  the  temperature  at  different 
depths,  as  shown  in  the  subjoined  table  : — ^ 


Dei)th  in 

Temperature 

1  Depth  in 

Temperature 

Metres. 

(Falir.) 

,  Metres. 

(Fahr.) 

100 

.  59-5 

:  500  .  . 

.  72-6 

200 

.  61*8 

600 

.  75-0 

300 

65-5 

j  660  .  . 

76-0 

400 

69*0 

t 

In  drawing  attention  to  the  foregoing  teinp>erature-observations  at  the 
Rose  Bridge  colliery — the  deepest  mine  in  Great  Britain — Professor 
Everett  points  out  that,  assuming  the  surface  temperature  to  bo  49° 
Fahr.,  in  the  first  558  yards  the  rate  of  rise  of  temperature  is  1°  for  57*7 
feet;  in  the  next  257  yards  it  is  1°  in  48*2  feet;  in  the  portion  between 
605  and  671  yards — a  distance  of  only  198  feet — it  is  1°  in  33  feet;  in 
the  lowest  portion  of  432  feet  it  is  1°  in  54  feet.°  When  such  inregu- 
larities  occur  in  the  same  vertical .  shaft,  it  is  not  surprising  that  the 
average  should  vary  so  much  in  different  places. 

There  can  be  little  doubt  that  ope  cause  of  these  variations  is  to  be 
sought  in  the  different  thermal  conductivities  of  the  rocks  of  the  earth’s 
crust.  The  first  accurate  rp^surements  of  the  conducting  powers  of 
crocks  were  made  by  the  late  J.  D.  Forbes  at  Edinburgh  (1837-45). 
He  selected  three  sites  for  his  thermometers^  one  in  ^Hrap-rock”  (an 
andesite  of  Lower  Carboniferous  age),  one  in  loose  sand,,  and  one  in  sand¬ 
stone,  each  set  of  instruments  being  sunk  to  depths  of  3,  6,  12,  and  24 
French  feet  from  the  surface.  He  found  that  the  wave  pf  summer  heat 
reached  the  bulb  of  the  deepest  instrument  (24  feetjf  on  4th  January  in 
the  trap-rock,  on  25th  December  in  the  sand,  and  on  3rd  November  in 
the  sandstone,  the  trap-rock  being  the  worst  conductor  and  the  solid 
sandstone  by  far  the  hest.^ 

As  a  rule,  the  lighter  and  more  porous  rocks  offer  the  greatest  resist¬ 
ance  to  the  passage  of  heat,  while  the  more  dense  and  crystalline  offer 
the  least  resistance.  The  resistance  of  opaque  white  quartz  is  expressed 
by  the  number  114,  that  of  basalt  stands  at  273,  while  that  of  cannel 
coal  stands  very  much  higher  at  1538,  or  more  than  thirteen  times  that 
of  quartz.^ 

^  Rrit  Assoc.  Rep.  1873,  Sections,  p.  254. 

lUd.  1870,  Sections,  p.  31.  See  a  paper  by  Proftefaor  Sollas,  GeoL  Mag.  1901, 
p.  502.  ^:v  , 

®  Tram.  Roy.  Soc.  Edm.  xvi.  p.  211. 

^  Herscliel  and  Lebour  (British  Associaff<»* .Cntomittee  on  Thermal  Conductivities  of 
Rocks),  Brit.  Assoc.  Rep,  1875,  p.  59.  The  Report  is  ih.  the  vol.  for  1881. 
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It  is  evident,  also,  from  the  texture  and  structure  of  most  rocks,  that 
the  conductivity  must  vary  in  different  directions  through  the  same  mass, 
heiit  being  more  easily  conducted  along  than  across  the  “grain,’'  the 
bidding,  and  the  other  numerous  divisional  surfaces.  Experiments  have 
been  made  to  determine  these  variations  in  a  number  of  rocks.  Thus, 
the  conductivity  in  a  direction  transverse  to  the  divisional  planes  being 
taken  as  unity,  the  conductivity  parallel  with  these  planes  was  found  in 
a  variety  of  magnesian  schist  to  be  4 ‘02 8.  In  certain  slates  and  schistose 
rocks  from  Central  France,  the  ratio  varied  from  1:2*56  to  1:3*952 
Hence,  in  such  fissile  rocks  as  slate  and  mica-schist,  heat  may  travel  four 
times  more  easily  along  the  planes  of  cleavage  or  foliation  than  across 
them.^ 

In  reasoning  upon  the  discrepancies  in  the  rate  of  increase  of  sub¬ 
terranean  temperatures,  we  must  also  bear  in  mind  that  convection  by 
percolating  streams  of  water  must  materially  affect  the  transference  of 
heat  from  below. Certain  kinds  of  rock  are  more  liable  than  others  to 
be  charged  with  water,  and  in  almost  every  boring  or  shaft  one  or  more 
horizons  of  such  water-bearing  rocks  are  met  with.  The  effect  of 
interstitial  water  is  to  diminish  thermal  resistance.  Dry  red  brick  has 
its  resistance  lowered  from  680  to  405  by  being  thoroughly  soaked  in 
water,  its  conductivity  being  thus  increased  68  per  cent.  A  piece  of 
sandstone  has  its  conductivity  heightened  to  the  extent  of  8  per  cent  by 
being  wetted.^ 

Mallet  contended  that  the  variations  in  the  amount  of  increase  in 
subterranean  temperature  are  too  great  to  permit  us  to  believe  them  to 
be  due  merely  to  differences  in  the  transmission  of  the  general  internal 
heat,  and  that  they  point  to  local  accessions  of  heat  arising  from  trans¬ 
formation  of  the  mechanical  work  of  compression,  which  is  due  to  the 
constant  cooling  and  contraction  of  the  globe. But  while  the  cause 
adduced  by  him  may  undoubtedly  be  effective,  we  may  nevertheless  hold 
that  the  observed  variations  do  not  appear  to  be  greater  than,  from  the 
known  diversities  in  the  conductivities  of  rocks  and  the  influence  of  cir¬ 
culating  water,  they  might  fairly  be  expected  to  be. 

While  it  may  be  affirmed  that  within  the  superficial  part  of  the 
terrestrial  crust,  as  far  down  as  it  has  been  pierced,  a  general  rise  of  tem¬ 
perature  amounting  to  D  Fahr.  for  every  50  or  60  feet  of  descent  has 

^  ‘‘Report  of  Committee  on  Tliermal  Conductivities  of  Rock,”  Brit.  Assoc.  Rep.  1875, 
p.  61.  Jannettaz,  B.  S.  O,  F.  (April- June,  1874),  ii.  264.  Tins  observer  lias  carried 
Put  a  series  of  detailed  researches  on  the  propagation  of  heat  through  rocks,  which  will 
be  found  in  B.  S.  0.  F.,  tomes  i.-ix.  (3rd  series).  See  also  the  paper  by  Lord  Kelvin 
and  Mr.  Erskine  Murray,  “On  the  Temperature  Variation  of  the  Thermal  Conductivity 
of  Rocks”  {Nature,  lii.  1895,  p.  182),  where  a  series  of  experiments  is  recorded,  having  for 
their  object  to  find  the  temperature  variation  of  thermal  conductivity  of  slate  and  granite. 
The  results  arrived  at  were  questioned  by  Professor  R.  Weber,  op.  cit.  p.  458. 

^  In  the  great  bore  of  Sperenberg  (4172  feet,  entirely  in  rock-salt,  except  the  first  283 
feet)  there  is  evidence  that  the  water  near  the  top  is  warmed  4|°  Fahr.  by  convection. 
FHt  Assoc.  Rep.  1882,  p.  78. 

^  Herschel  and  Lebour,  Brit.  Assoc.  Rep.  1875,  p.  58. 

“  Volcanic  Energy,”  Tmns.  1875. 
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been  definitely  proved,  it  by  no  means  follows  that  this  rate  continues 
inward  to  the  centre  of  the  earth.  Lord  Kelvin,  indeed,  has  computed 
that  if  the  rate  of  increase  of  temperature  is  taken  to  be  1°  for  every  51 
feet  for  the  first  100,000  feet,  it  will  begin  to  diminish  below  that  limit, 
being  only  1°  in  2550  feet  at  800,000  feet,  and  then  rapidly  lessening.^ 

Probable  Condition  of  the  Earth’s  Interior. — Various  theories 
have  been  propounded  on  this  subject.  There  are  only  three  which 
merit  serious  consideration.  (1)  One  of  these  supposes  the  planet  to 
consist  of  a  solid  crust  and  a  molten  interior.  (2)  The  second  holds 
that,  with  the  exception  of  local  vesicular  spaces,  the  globe  is  solid  and 
rigid  to  the  centre.  (3)  The  third  contends  that  beneath  the  crust  and 
the  molten  magma  that  underlies  it,  the  interior  is  mainly  filled  with  gas 
under  enormous  pressure  and  high  temperature,  and  that  from  this  gaseous 
nucleus  a  perfect  gradation  exists  into  the  solid,  rigid  rock  that  forms 
the  crust. 

1.  The  argimeiits  in  favour  of  internal  liquidity  may  be  summed  up  as 
follows : — (a)  The  ascertained  rise  of  temperature  inwards  from  the 
surface  is  such  that,  at  a  very  moderate  depth,  the  ordinary  melting- 
point  of  even  the  most  refractory  substances  would  be  reached.  At  20 
miles  the  temperature,  if  it  increases  progressively,  as  it  does  in  the 
depths  accessible  to  observation,  must  be  about  1760°  Fahr.  ;  at  50  miles 
it  must  be  4600°,  or  far  higher  than  the  fusing-point  even  of  so  stubborn 
a  metal  as  platinum,  which  melts  at  3080°  fahr.  (h)  All  over  the  world 
volcanoes  exist  from  which  steam  and  torrents  of  molten  lava  are  from 
time  to  time  erupted.  Abundant  as  are  the  active  volcanic  vents,  they 
form  but  a  small  proportion  of  the  whole  which  have  been  in  operation 
since  early  geological  time.  It  has  been  inferred,  therefore,  that  these  ] 
numerous  funnels  of  communication  with  the  heated  interior  could  not 
have  existed  and  poured  forth  such  a  vast  amount  of  molten  rock,  unless 
they  drew  their  supplies  from  an  immense  internal  molten  nucleus,  (c) 
When  the  products  of  volcanic  action  from  different  and  widely  separated 
regions  are  compared  and  analysed,  they  are  found  to  exhibit  a  general 
uniformity  of  character.  Lavas  from  Vesuvius,  from  Hecla,  from  the 
Andes,  from  Japan,  and  from  New  Zealand  present  such  an  agree¬ 
ment  in  essential  particulars  as,  it  is  contended,  can  only  be  accounted 
for  on  the  supposition  that  they  have  all  emanated  from  one  vast 
common  source.^  (d)  The  abundant  earthquake-shocks  which  affect 
large  areas  of  the  globe  are  maintained  to  be  inexplicable  unless  on 
the  supposition  of  the  existence  of  a  thin  and  somewhat  flexible  crust. 
(e)  The  universal  proofs  that  the  sea-floor  has  been  elevated  into  land, 
and  that  thick  marine  sedimentary  formations  have  been  folded,  crumpled, 
and  pushed  over  each  other,  are  regarded  as  evidence  that  such  a  crust 
exists,  that  it  is  of  no  great  thickness,  and  that  it  rests  upon  a  viscous  or 
liquid  interior.^ 

^  Trans.  Roy.  Soc.  Edin.  xxiii.  p.  163. 

See  D.  Forbes,  Popular  Scmice  Revieiv,  April  1869. 

^  The  arguments  for  a  comparatively  thin  crust  resting  on  viscous  or  liquid  material  below 
are  fully  given  }iy  the  late  Sir  Joseph  Prestwich  in  his  paper  read  to  the  Royal  Society 
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These  arguments,  it  will*  be  observed,  are  inferences  drawn  from 
observations  of  the  present  constitution  of  the  globe.  They  are  based  on 
c^eological  data,  and  have  been  frequeinly  and  strongly  urged  by  geologists 
as  supporting  the  only  view  of  the  nature  of  the  earth’s  interior  supposed 
by  them  to  be  compatible  with  geological  evidence.  Before  tho  (luestion 
was  attacked  on  physical  grounds,  geologists  were  generally  in  the  halnt 
of  believing  that  the  crust  of  the  earth  was  a  mere  thin  shell  which  from 
time  to  time,  owing  to  the  diminution  of  volume  caused  by  cooling 
and  contraction,  settled  down  upon  the  nucleus  and  adjusted  itself  to  the 
loss  of  superficies  by  undergoing  such  plication  as  is  more  especially 
conspicuous  in  the  structure  of  mountains  ;  that  the  vast  mass  of  the 
interior  was  in  an  intensely  hot  and  even  molten  condition  ;  and  that  by 
this  structure  the  geological  phenomena  above  referred  to  received  their 
simplest  explanation.  When  the  physicists  brought  forward  and  pressed 
their  deductions  as  to  the  rigidity  of'  the  earth,  their  arguments  a]ipeared 
so  weighty  that  many  geologists,  with  some  reluctance,  accepted  .them, 
though  they  seemed  to  make  the  interpretation  ol  the  structure  of  the 
terrestrial  crust  more  difficult  than  ever.  Among  the  attempts  to  vacon- 
cile  the  physical  and  geological  difficulties  the  most  notalde  was  made  in  the 
hypothesis  of  “a  rigid  nucleus  nearly  approaching  the  size  of  the  wdiole 
globe,  covered  by  a  fluid  substratum  of  no  gr^eat  thickness,  compared  with  the 
radius,  upon  which  a  crust  of  lesser  density  floats  in  a  state  of  equilibrium.”^ 
The  nucleus  was  assumed  to  owe  its  solidity  to  “  the  enormous  pressure 
of  the  superincumbent  matter,  while  the  crust  owes  its  solidity  to  having 
become  cool.  The  fluid  substratum  is  not  under  sufficient  pressure  to  be 
rendered  solid,  and  is  sufficiently  hob  to  be  flujd,  being  probably  more 
viscous  in  its  lower  portion  through  pressure,  and  likewise  ])a8sing  into  a 
viscous  state  in  its  upper  parts  through  cooling,  until  it  ^oins  the  crUBt.”- 
The  contraction  and  consolidation  of  this  substratum  were  assumtHl  as  the 
explanation  of  the  plication  which  the  crust  has  certainly  undergone. 

The  question  has  been  attacked  with  renewed  energy  from  the 
physical  side.  The  conception  of  an  outer  thin  terrestrial  shell  resting  upon 
a  liquid  or  viscous  substratum  is  especially  enforced  in  a  modified  form  by 
Mr.  Fisher.  Holding  that  the  globe  was  once  probably  entirely  ineltetl, 

{Proc.  Roy.  Soc.  xli.  1888,  p.  156),  and  reprinted  in  his  ‘  Controverted  Questions  in  (Jeology,’ 
p.  147  ;  see  also  his  ‘Geology  :  Chemical,  Physical,  and  Stratigrai>hical,’  vol.  ii.  p.  539.  It 
should  he  noted,  however,  that  the  doctrine  of  internal  fluidity  was  (|ue.stione(l  by  Lyell,  who 
imagined  that  volcanic  action  was  connected  with  local  tracts  of  melted  matter  in  the  earth’H 
crust  which  were  in  some  way  produced  or  heid  up  by  tlic  passage  of  an  electro-magnetic 
force  from  the  sun  to  our  globe  (‘Principles  of  Geology,’  10th  edit.  pp.  211,  ‘232). 

^  See  Dana  in  Sillimayi' s' Journal,  iii.  (1847),  p.  147;  Amer.  Jonrn.  Rn.  1873. 
The  hypothesis  of  a  fluid  substratum  lias  been  advocated  Ijy  Sbaler,  Pror.  Bast.  Nat, 
Hist.  Soc.  xi.  (1868),  p.  8;  iHeoL  May.  v.  p.  511.  J.  Le  Conte,  Amer.  Joiirn.  Sei.  1872, 
1873.  0.  Fisher,  Geol.  May.  v.  (new  series),  pp.  291,  551  ;  ‘  Pliysics  of.  the  Earth’s 

Crust,’  1st  edit.  1883.  Prestwich,  ‘Controverted  Questions  in  Geology,’  ]>.  147.  Hill,  Oeol. 
Mag.  v.  (new  series),  pp.  262,  479.  The  idea  of  a  viscous  layer  between  the  solidifying 
central  mass  and  the  crust  was  present  in  Hopkins’  mind.  Brit.  Assoc.  1848,  Reports,  p.  48. 

-  See_Mr.  Fisher’s  first  edition  of  his  book,  p.  269.  The  hypothesis,  as  thus  stated,  was 
afterwards  abandoned  by  him  as  untenable  (2nd  edit.  1889,  p.  54). 
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he  points  out  that  ^v"hile  the  argument  in  favour  of  rigidity  drawn  from 
the  phenomena  of  precession  has  l^een  abandoned  by  the  leading  physicists, 
that  based  on  the  tides  is  unsatisfactory  as  proving  too  much.  He  thinks 
that  the  available  evidence  points  to  the  existence  of  a  crust  which  may 
have  an  average  thickness  of  25  miles,  and  that  beneath  it  lies  a  substratum 
of  fused  rock  possibly  saturated  with  water-gas  far  above  the  critical 
temperature,  the  compressibility  of  which  would  account  for  the  absence 
of  measurable  tides  in  the  interior  of  the  planet  and  thus  remove  the 
principal  argument  for  rigidity.  He  comes  to  the  conclusion  that  the 
substratum  is  not  an  inert  mass,  but  is  traversed  by  convection  currents, 
and  must  therefore  be  not  merely  viscous  but  actually  liquid,  from  time 
to  time  melting  off  portions  of  the  overlying  crust. ^ 

2.  The  argwuients  in,  favour  of  the  interual  soliditg  of  the  earth  are  based 
on  physical  and  astronomical  considerations,  and  may  be  arranged  as 
follows : — 

{a)  Argument  from  precession  and  nutation. — The  problem  of  the 
internal  condition  of  the  globe  was  attacked  as  far  back  as  the  year  1839 
by  Hopkins,  who  calculated  how  far  the  planetary  motions  of  precession 
and  nutation  Avould  l)e  influenced  by  the  solidity  or  liquidity  of  the  earth’s 
interior.  He  found  that  the  processional  and  nutational  movements 
could  not  possibly  be  as  they  are,  if  the  planet  consisted  of  a  central  core 
of  molten  rock  surrounded  with  a  crust  of  twenty  or  thirty  miles  in 
thickness ;  that  the  least  possible  thickness  of  crust  consistent  with  the 
existing  movements  was  from  800  to  1000  miles;  and  that  the  whole 
might  even  be  solid  to  the  centre,  with  the  exception  of  comparatively 
small  vesicular  spaces  filled  with  melted  rock.^ 

M.  Delaunay  ^  threw  doubt  on  Hopkins’  views,  and  suggested  that,  if 
the  interior  were  n  mass  of  sufficient  viscosity,  it  might  behave  as  if  it 
were  a  solid,  and  thus  the  phenomena  of  precession  and  nutation  might 
not  be  affected.  Hord  Kelvin,  who  had  already  arrived  at  the  conclusion 
that  the  interior  of  the  globe  must  be  solid,  and  acquiesced  generally  in 
Hopkins’  conclusions,  remarked  that  the  hypothesis  of  a  viscous  and 
quasi-rigid  interior  “  breaks  down  when  tested  by  a  simple  calculation 
of  the  amount  of  tangential  force  required  to  give  to  any  globular  portion 
of  the  interior  mass  the  2)recessional  and  nutational  motions  which,  with 
other  physical  astronomers,  M.  Delaunay  attributes  to  the  earth  as  a 
whole.”  ^  He  held  the  earth’s  crust  down  to  depths  of  hundreds  of 
kilometres  to  be  capable  of  resisting  such  a  tangential  stress  (amounting 
to  nearly  itg-th  of  a  gramme  weight  per  square  centimetre)  as  would 

^  Op.  cit.  i)p.  22,  41,  178. 

-  PkLL  Tiuiih.  1839,  p.  381  ;  1840,  p.  193  ;  1842,  p.  43  ;  JJriL  Aasor.  1847. 

‘‘  111  a  paper  on  tlie  hypothesis  of  the  interior  tluulity  of  the  globe,  (Jomptes  readus,  July 
13,  1868  ;  (h’ul.  Mmj.  v.  p.  507.  Sec  H.  Heniiessy,  CJomptes  rendits,  March  6,  1871  ;  Gad. 
May.  viii.  p.  216;  Nature,  xv.  p.  78  ;  /■*IuL  May.  xxii.  Sept,  and  Oct.  1886,  pj).  233- 
257,  328-331.  In  this  x^aper  he  adheres  to  his  view  that  the  earth’s  interior  cannot  he  solid 
to  the  centre,  hut  consists  of  a  shell  inside  of  which  lies  a  mass  of  viscous  matter,  the  whole 
rotating  practically  as  one  solid  mass.  0.  Fisher,  ‘  Physics  of  the  Earth’s  Crust,’  2iid  edit. 
1889.  ^  Nature,  Feh.  1,  1872. 
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with  great  rapidity  draw  out  of  shape  any  plastic  substance  which  could 
properly  be  termed  a  viscous  fluid,  and  he  concluded  “  that  the  rigidity 
of  the  earth ^s  interior  sulistance  could  not  be  less  than  a  millionth  of  the 
rigidity  of  glass  without  ‘  very  sensibly  augmenting  the  lunar  nineteen- 
y early  nutation.”  ^ 

In  Hopkins’  hypothesis  he  assumed  the  crust  to  be  infinitely  rigid 
and  unyielding,  which  is  not  true  of  any  material  substance.  Lord 
Kelvin  subsecpiently  returning  to  the  problem,  in  the  light  of  his  own 
researches  in  vortex-motion,  found  that,  while  the  argument  against  a 
thin  crust  and  vast  liquid  interior  is  still  invincible,  the  phenomena  of 
precession  and  nutation  do  not  decisively  settle  the  question  of  internal 
fluidity,  as  Hopkins,  and  others  following  him,  had  believed,  though  the 
solar  semi-annual  and  lunar  fortnightly  nutations  absolutely  disprove  the 
existence  of  a  thin  rigid  shell  full  of  liquid.  If  the  inner  surface  of  the 
crust  or  shell  were  rigorously  spherical,  the  interior  mass  of  supposed 
lic[uid  could  experience  no  processional  or  nutational  influence,  except  in 
so  far  as,  if  heterogeneous  in  composition,  it  might  suffer  from  external 
attraction  due  to  non-sphericity  of  its  surfaces  of  equal  density.  But 
“  a  very  slight  deviation  of  the  inner  surface  of  the  shell  from  perfect 
sphericity  would  suffice,  in  virtue  of  the  quasi-rigidity  due  to  vortex- 
motion,  to  hold  back  the  shell  from  taking  sensibly  more  precession 
than  it  would  give  to  the  liquid,  and  to  cause  the  liquid  (homogeneous 
or  heterogeneous)  and  the  shell  to  have  sensibly  the  same  processional 
motion  as  if  the  whole  constituted  one  rigid  body.”‘-^  The  problem  pre¬ 
sented  by  the  precession  of  a  viscous  spheroid  has  been  discussed  by 
Professor  George  Darwin,  who  arrives  at  results  nearly  the  same  as  those 
announced  by  Lord  Kelvin  regarding  the  slight  difference  between  the 
precession  of  a  fluid  and  a  rigid  spheroid. 

It  is  affirmed  that  the  assumed  comparatively  thin  crust  surround¬ 
ing  a  vast  liquid  interior  must  have  such  perfect  rigidity  as  is  possessed 
by  no  known  substance.  The  tide-producing  force  of  the  moon  and 
sun  exerts  such  a  strain  upon  the  substance  of  the  globe,  that  it  seems 
in  the  highest  degree  improbable  that  the  planet  could  maintain  its 
shape  as  it  does  unless  the  supposed  crust ‘were  at  least  2000  or  2500 
miles  in  thickness."^  That  the  solid  mass  of  the  earth  must  yield  to  this 
strain  is  certain,  though  the  amount  of  deformation  is  so  slight  as  to 
have  hitherto  escaped  all  attempts  to  detect  it.*'’  Had  the  rigidity  been 
even  that  of  glass  or  of  steel,  the  deformation  would  probably  have  been 
by  this  time  observed,  and  the  actual  phenomena  of  precession  and 
nutation,  as  well  as  of  the  tides,  %vould  then  have  been  very  sensibly 
diminished.^  The  conclusion  was  thus  reached  by  Lord  Kelvin  that  the 

^  Loc,  cit.  p.  258. 

^  Lord  Kelvin,  Brit.  Assoc.  Rep.  1876,  Sections,  p.  5.  Tliom.son  and  Tait,  ‘Natural 
Philosophy,’  1883,  art.  847. 

^  Phil.  Trans.  1879,  part  ii.  p.  464.  Nature,  2iid  Nov.  1882. 

^  Lord  Kelvin,  Proc.  Roy.  Soc.  April  1862. 

^  See  Association  Frangaise  jiour  V Arancemoit  dcs  Sciences,  v.  p.  281. 

Lord  Kelvin,  loc.  cit. 
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mass  of  the  earth  “is  on  the  whole  more  rigid  certainly  than  a  continuous 
solid  globe  of  glass  of  the  same  diameter.”  ^ 

This  result  has  been  supported  hy  the  computations  of  other  physicists 
and  mathematicians.  Besides  those  of  Professor  Darwin,  reference  may 
here  be  made  to  the  work  of  Professor  S.  hTewcomb,  who,  calculating 
the  rigidity  of  the  earth  from  the  427  days’  jD^riod  of  the  variations  of 
latitude,  estimated  it  to  be  rather  above  that  of  steel.^  Mr.  P.  Eudski 
of  Odessa  afterwards  went  over  the  computations  in  more  detail  and 
arrived  at  the  conclusion  that  the  coefficient  of  rigidity  of  the  earth  is 
nearly  twice  as  great  as  that  of  steel.^  There  thus  apjoears  to  be  no 
escape  from  the  deduction  that,  whatever  may  be  the  condition  of  the 
substance  of  the  earth’s  interior,  it. behaves  like  an  extremely  rigid 
substance. 

(b)  Argument  from  the  tides. — The  phenomena  of  the  oceanic  tides 
show  that  the  earth  acts  as  a  rigid  body,  either  solid  to  the  centre  or 
possessing  so  thick  a  crust  (2500  miles  or  more)  as  to  give  to  the  planet 
practical  solidity.  Lord  Kelvin  remarks  that  “were  the  crust  of  con¬ 
tinuous  steel  and  500  kilometres  thick,  it  would  yield  very  nearly  as 
much  as  if  it  were  india-rubber  to  the  deforming  influences  of  centrifugal 
force  and  of  the  sun’s  and  moon’s  attractions.”  It  would  yield,  indeed, 
so  freely  to  these  attractions  “  that  it  would  simply  carry  the  waters  of 
the  ocean  up  and  down  with  it,  and  there  would  be  no  sensible  tidal  rise 
and  fall  of  water  relatively  to  land.”  ^  Professor  Darwin,  in  a  series  of 
papers,  investigated  mathematically  the  bodily  tides  of  viscous  and  semi¬ 
elastic  spheroids,  and  the  character  of  the  ocean  tides  on  a  yielding 
nucleus.‘^  His  results  tended  to  increase  the  force  of  Lord  Kelvin’s 
argument,  that  “no  very  considerable  portion  of  the  interior  of  the  earth 
can  even  distantly  approach  the  fluid  condition,”  the  effective  rigidity  of 
the  whole  globe  being  very  great.  Subsequently,  however,  on  renewed 
investigation,  he  came  to  the  conclusion  that  “  it  is  not  possible  to  attain 
any  estimate  of  the  earth’s  rigidity  in  this  way,”  ^  though  he  still  agreed 
with  the  view  of  the  effective  rigidity  of  the  earth’s  whole  mass. 

(c)  Argument  from  relative  densities  of  melted  and  solid  rock. — 
It  has  been  further  urged,  as  an  ol)jection  to  the  hypothesis  of  a  thin 
shell  or  crust  covering  a  nucleus  of  molten  matter,  that  cold  solid 
rock  is  more  dense  than  hot  melted  rock,  and  that  even  if  a  thin  crust 
were  formed  over  the  central  molten  globe  it  would  immediately  break 
up  and  the  fragments  would  sink  towards  the  centre.^  Recent  experi¬ 
ments  have  been  cited  which  show  that  diabase  (of  density  3*017) 
contracts  nearly  4  per  cent  on  solidification,  and  that  the  resulting 

^  Trans.  Ibty.  8oc.  Editi.  xxiii.  157. 

Monthly  Notices,  Astron.  Sue.  1892,  p.  336. 

Phil.  Mag.  xxxviii.  (1894),  p.  218. 

Brit.  Assoc.  Rep.  1876,  Section.s,  p.  7. 

®  Phil.  Trans.  1879,  part  ii.  See  also  Brit.  Assoc.  Rep.  1882,  Sections,  p.  473. 

^  Proc.  Roy.  Soe.  Nov.  25,  1886. 

This  objection  has  been  repeatedly  urged  by  Lord  Kelvin.  See  Trans.  Panj.  Sac.  Edin. 
xxiii.  p.  157  ;  and  Brit.  d.s‘.sv>r.  Rep.  1870,  Sections,  p.  7. 
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homogeneous  gitiss  has  a  density  of  only  2*71 /d  Appeal  has  likewise* 
been  made  to  the  behaviour  of  the  crust  of  cooled  rock  which  forms  on 
the  surface  of  the  lava-caldron  of  Hawaii  and  from  time'  to  time  l)i‘eaks 
up,  when  large  cakes  of  it  turn  over  on  end  and  sink  down  into  tin* 
surging  mass  of  molten  rock.  But  on  examination  it  will  be  found  that 
the  argument  we  are  now  considering  does  not  derive  anj^  real  support 
from  this  observation.  The  fact  that  a  crust  of  appreciable  thickness 
can  form  and  remain  on  the  surface  of  the  lava  shows  that  cooling  can 
proceed  for  some  time  without  any  displacement  of  the  lithoid  cak(‘,  and 
this  cake  is  rent  by  the  movements  of  the  molten  rock  and  breaks  up  int(* 
separate  masses;  the  fact  that  these  turn  over  on  end  and  sink  points, 
as  Mr.  Fisher  ingeniously  suggests,  to  their  being  under  the  influence  of 
convection  currents  which  draw  them  down.‘^  In  the  numerous  cases 
where  flowing  currents  of  lava  have  been  watched,  no  proof  has  been 
observed  that  the  superficial  crust  breaks  up  and  sinks  into  thci  ]>ody  of 
the  molten  I'ock. 

If  the  difference  between  the  specific  gravity  of  the  interior  a-nd  that 
of  the  visible  parts  of  the  crust  be  due,  not  merely  to  the  effetff  of 
pressure,  but  to  the  presence  in  the  interior  of  intensely  lieatecl  metallic 
substances,  we  cannot  suppose  that  solidified  portions  of  such  rocks  as 
granite  and  the  various  lavas  could  ever  have  sunk  into  the  centre  of  the 
earth  so  as  to  build  up  there  the  honeycombed  cavernous  mass  which 
might  have  served  as  a  nucleus  in  the  ultimate  solidification  (.»f  the 
whole  planet.  If  the  earliest  formed  portions  of  the  comparativedy  light 
crust  were  denser  than  the  underlying  liquid,  they  would  no  douht 
descend  until  they  reached  a  stratum  with  specific  gravity  agr(.Hiing  with 
their  own,  or  until  they  were  again  melted.'^  • 

One  of  the  most  serious  objections  entertained  by  geologists  to  the 
h^othesis  of  the  practical  solidity  of  the  whole  globe  arises  from  the 
difficulty  of  comprehending  how  such  a  globe  could  possess  the  compli¬ 
cated  structure  which  is  presented  in  the  terrestrial  crust.  That  structure* 
indicates  a  capability  of  yielding  to  strain  such  as  might  he  suppos(*d  im¬ 
possible  in  a  globe  possessing  on  the  whole  the  rigidity  of  steel  or  glass. 
But  this  difficulty  may  be  more  formidable  in  appearance  than  in  ixjality. 
The  earth  must  certainly  possess  such  a  degree  of  rigidity  as  to  resist  tidal 
deformation.  Professor  Darwin  has  calculated  the  limiting  rigidity  in  the 
materials  of  the  earth  which  is  necessary  to  prevent  the  weight  of  mountoins 
and  continents  from  reducing  them  to'' the  fluid  condition  or  else  cracking, 

C.  Bams,  Phil.  Mckj.  1893,  p.  1/4.  From  a  cause  merely  niecliaiiical,  pieces  of  tlic 
original  cold  rock,  tliougli  so  mncli  denser,  float  for  a  time  on  the  melted  matt;rial.  Ih.  !». 
189.  It  mnst  be  remembered,  however,  that  the  diaba.se  was  originally  a  molten  rock  which 
cooled  with  exceeding  slowness,  and  nltimately  assnmed  a.  crystalline  condition,  whereas 
the  laboratory  experiments  converted  it  into  a  glass.  /Vs  is  well  known,  the  specific;  gravity 
of  a  volcanic  glass  is  lower  than  that  of  a  rock  of  the  same  chemical  composition  in  tin- 
crystalline  state. 

‘  Physics  of  the  Earth’s  Crust,’  p.  51. 

See  D.  Forlv3s,  Oeol.  Mag.  iv.  p.  435.  Tlie  evidence  for  tl.e  iiitenittl  eolidity  of 

tlie  earth  is  criticised  hy  Dr.  M.  E.  Wadsworth  in  the  American  JVaturalmt,  1884. 
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and  has  found  that  these  materials  must  be  as  strong  as  granite  1000 
miles  below  the  surface,  or  else  much  stronger  than  granite  near  the 
surface.'^  But  high  rigidity,  that  is,  elasticity  of  form,  is  not  contradictory 
of  plasticity.  Even  bodies  like  steel  may,  under  suitable  sti’ess,  be  made 
to  flow  like  butter  posted y  Book  III.  Part  1.  Section  iv.  g  3).  While, 

therefore,  the  earth  may  possess  as  a,  whole  the  rigidity  of  steel,  there 
seems  no  reason  why,  under  sufficient  strain,  the  outer  portions  may  not 
be  plicated  or  even  reduced  to  the  fluid  condition.  It  is  important  “  to 
distinguish  viscosity,  in  which  flow  is  caused  by  infinitesimal  forces,  from 
plasticity,  in  which  perniarient  distortion  or  flow  only  sets  in  when  the 
stresses  exceed  a  certain  limit.”- 

In  speculating  on  the  plication  of  the  earth’s  crust,  we  ought  not  to 
forget  that,  from  the  earliest  times,  the  existing  continental  regions  seem 
to  have  specially  suffered  from  the^  efforts  of  the  planet  to  adjust  its 
external  form  to  its  diminishing  diameter  and  lessening  rapidity  of 
rotation.  They  have  served  as  lines  of  relief  from  the  strain  of 
compression  during  many  successive  e})ochs.  It  is  along  their  axial  lines 
— their  long  dominant  mountain-ranges- — that  we  should  naturally  look 
for  evidence  of  corrugation.  Away  from  these  lines  of  weakness  the 
ground  has  been  upraised  for  thousands  of  square  miles  without  plication 
of  the  rocks,  as  in  the  instructive  region  of  the  Western  Territories  of 
North  America. .  Nor  is  there  any  [)roof  that  corrugation,  save  in  ridges 
and  troughs,  takes  place  beneath  the  great  oceanic  areas  of  sul.>sidence. 

It  aj^pears  highly  pro})aldo  that  the  substance  of  the  earth’s  interior 
is  at  the  melting-point  proper  for  the  pressure  at  each  depth.*^  Any 
relief  from  pressure,  therefore,  may  allow  of  the  li(piefaction  of  the  matter 
so  relieved.  Such  relief  is  doubtless  afforded  by  the  corrugation  of 
mountain- chains  and  {)ther  terrestrial  ridges.  And  it  is  in  these  lines 
of  uprise  that  volcanoes  and  other  manifestations  of  subterranean  heat 
actually  show  themselves. 

3.  The  argiunents  iii>  favour  of  the  (j(iseoHs  interior  of  the  earth  have  been 
based  on  the  physico-chemical  researches  of  recent  years.  The  first 
writer  who  suggested  this  view  of  the  structure  of  our  planet  appears  to 
have  been  A.  Bitter  in  a  series  of  Kesearches  on  the  Height  of  the 
Atmosphere  and  the  Constitution  of  Caseous  Heavenly  Bodies.”  Arguing 
from  Andrews’  observations,  which  indicated  that  under  high  pressures 
above  the  critical  point,  not  only  in  the  case  of  carbonic  acid  but  with 
regard  to  all  other  substances,  no  difference  might  any  longer  exist  between 
the  gaseous  and  liquid  states,  he  thought  that  we  should  probably  in  thes(* 
inquiries  have  to  deal  with  ordy  two  distinct  conditions  of  aggregation, 

^  Pror.  Roy.  Soc.  1881,  p.  4Ji2.  The  crusliiiig  strength  of  granite  is  7000  to  2*2,000 
pounds  per  square  inch  ;  that  of  lirne.stone  11,000  to  25,000  ;  that  of  sandstone  6000  to 
14,000  (Mr.  B.  Willi.s,  IJth  Ami.  Rep,  UN.  Geol.  Rurwy,  p.  237).  d’hese  limits  are  reached 
at  depths  of  from  1  to  5  miles. 

Professor  Darwin  in  a  letter  to  the  author,  9th  January  1884. 

»  P.  a.  Tait,  ‘Heat,’  1884,  p.  123. 

^  Wiedo/iann's  Annalen  der  Phystk  mid  (Jlu'nilc,  v.  (1878j,  pp.  40.1,  54:1  ;  vi.  (1879 1, 
p.  135  ;  vii.  (1879),  p.  304  ;  viii.  (1879),  ]>.  157. 
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the  gaseous  and  the  solid,  and  thus  reach  the  conclusion  that  the  earth 
consists  of  a  gaseous  centre  surrounded  with  a  solid  crust.  If  we  make 
the  further  assumption  that,  as  in  the  case  of  water- vapour,  dissociation 
of  all  other  chemical  compounds  takes  place,  we  may  infer  that  in  the 
central  part  of  the  gaseous  nucleus  the  different  chemical  elements  exist 
next  each  other  in  an  isolated  condition,  while  farther  outwards  in  the 
dissociation  zone  they  alternately  enter  into  chemical  union  and  again 
separate  from  each  other. ^ 

The  subject  has  been  more  recently  discussed  by  the  Swedish  physicist 
Professor  S.  Arrhenius,^  who  treats  it  in  the  light  of  the  latest  researches  on 
the  behaviour  of  bodies,  gaseous,  liquid,  and  solid,  under  enormous  pressures 
and  at  high  temperatures.  He  points  out  that  in  fluids  at  high  tempera¬ 
tures,  where  no  increase  of  volume  takes  place,  the  internal  friction  rises 
with  the  temperature,  or,  in  other  words,  the  fluidity  diminishes ;  that  in 
gases  also  a  similar  effect  is  observable ;  and  that  although  gases  have  the 
highest  and  solid  bodies  the  lowest  compressibility,  nevertheless  when  a 
gas  near  its  critical  temperature  passes  into  a  liquid,  through  a  trifling 
physical  change,  the  compressibility  remains  almost  unaltered.  The 
higher  the  pressure,  the  smaller  is  the  compressibility.  Iron  or  lava  in 
the  gaseous  form  at  a  depth  of  1000  kilometres  or  more  beneath  the 
earth's  surface  would  be  more  incompressible  than  steel  is  above  ground. 

When,  therefore,  the  Swedish  professor  continues,  we  speak  of  gases 
at  such  high  temperatures  and  pressures  as  those  that  prevail  in  the 
earth's  interior,  we  must  conceive  of  something  wholly  different  from 
what  we  ordinarily  understand  by  gas.  The  density,  compressibility 
and  viscosity  of  such  a  substance  are  of  such  a  high  order  that  we  might 
regard  it  as  a  solid  body,  if  its  true  nature  were  not  apparent.^  In 
regard  to  the  probable  structure  of  the  earth,  we  may  infer  that,  as 
at  a  depth  of  40  kilometres’ (about  25  English  miles)  the  temperature 
reaches  as  much  as  1200°  0.  and  the  pressure  amounts  to  10,840 
atmospheres,  most  ordinary  minerals  will  become  fluid,  and  the  earth’s 
substance  at  that  depth  must  exist  in  a  molten  condition,  forming  what 
is  known  as  the  magma — an  exceedingly  viscous  and  little  compressible 
liquid.  This  condition,  however,  cannot  extend  far  inward,  for  at  a 
depth  of  some  300  kilometres  (186  miles)  the  temperature  is  undoubtedly 
so  high  as  to  be  beyond  the  critical  temperature  of  every  known  sub¬ 
stance.  The  liquid  magma  thus  passes  over  continuously  into  a  gaseous 

^  Oj).  cit.  V.  pp.  424,  425. 

-  “Zur  Pliysik  des  Vulcanismiis,”  Oeol.  Fdren.  i  Stockholm  ForhanclL  xxii.  (1900), 
pp.  395-419. 

If  tlie  ordinary  gaseous  law  of  density  in  simple  proportion  to  pressure  for  the  same 
temperatures  liolds  good,  the  density  of  a  gaseous  orb  like  the  sun  will  be  at  the  centre 
about  22’5  times  the  mean  density  of  the  whole,  and  the  material  will  be  nearly  oiie-third 
denser  tlian.the  metal  platinum.  But  the  general  opinion  is  that  this  law  does  not  hold 
beyond  a  certain  limit,  above  which  the  density  of  the  gas  cannot  be  increased  l.>y  any 
pressure  however  great.  But  we  are  still  “ignorant  of  the  laws  of  pressure,  density,  and 
temperature,  even  for  known  kinds  of  matter,  at  very  gi’eat  pressures  and  very  high 
temperatures.”  See  Lord  Kelvin’s  ‘Popular  Lectures  and  Addresses,’  i.  jip.  406-408. 
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magma,  of  which  the  viscosity  and  compressibility  should  be  still  greater 
than  in  the  liquid  magma. 

If  the  rocks  at  the  earth’s  surface  have  a  density  half  that  of  the 
globe  as  a  whole,  and  if  this  density  continues  to  hold  good  for  the 
magma  that  arises  from  the  melting  of  these  rocks,  we  must  conceive  the 
existence  of  a  much  denser  substance  in  the  earth’s  interior.  On  various 
grounds,  such  as  the  preponderance  of  iron  in  nature,  both  in  meteorites 
and  in  the  sun,  and  the  phenomena  of  terrestrial  magnetism,  it  may  be 
inferred  that  this  substance  is  metallic  iron.  In  consequence  of  its 
greater  density  this  iron  will  naturally  lie  deeper  than  the  rock-magma, 
and  on  account  of  the  high  temperature  must  exist  in  a  gaseous 
condition.  Somewhere  about  a  half  of  the  planet  therefore  should 
consequently  consist  of  iron,  and  of  other  metals  mingled  with  it  in 
smaller  proportions.  The  semi-diameter  of  this  gaseous  iron-sphere  will 
thus  include  al->out  80  per  cent  of  the  earth’s  semi-diameter.  Then  will 
come  about  15  per  cent  of  the  gaseous  rock-magma,  next  to  it  the  liquid 
rock-magma  for  a  thickness  of  about  4  per  cent  of  the  terrestrial  semi- 
. diameter,  and  lastly  the  solid  crust,  for  which  not  more  than  about  1 
per  cent  may  be  claimed.”  ^ 

This  view  of  the  constitution  of  the  earth’s  interior  receives,  according 
to  Professor  Arrhenius,  the  most  remarkable  confirmation  from  the  latest 
and  most  precise  instrumental  observations  of  earthquake  movements. 
These  observations,  he  thinks,  furnish  remarkably  strong  evidence  that 
the  earth’s  interior  cannot  l)e  solid.  '^The  density  of  much  the  largest 
part  (reckoned  linearly)  of  this  interior,  amounting,  as  above  stated,  to 
about  80  per  cent  of  the  radius,  must  be  nearly  three  times  higher  than 
that  of  quartz.  Since  now  the  mean  velocity  of  transmission  of  the 
earthquake  wave  in  the  interior  of  the  earth  has  been  ascertained  to 
amount  to  1T3  kilometres  per  second,  the  compressibility  of  that 
region  must  be  31  times  less  than  that  of  quartz/ that  is,  eight  times 
less  than  that  of  solid  steel,  according  to  Voigt.  This  is  a  figure  of  pre¬ 
cisely  that  order  of  magnitude  which  was  to  be  expected.  We  may 
well  believe  that  at  depths  of  more  than  1000  kilometres  the  compres¬ 
sibility  of  gaseous  iron  sinks  down  to  some  ten  times  less  than  that 
of  steel. 

“The  interior  of  the  earth,  therefore,  with  the  exception  of  a  solid 
crust  about  40  kilometres  thick,  consists  of  a  molten  magma  100  or  200 
kilometres  in  depth  which  shades  continuously  inward  into  a  gaseous 
centre.  The  liquids  and  gases  in  the  interior  possess  a  viscosity  and 
incompressibility  such  as  permit  them  to  be  regarded  as  solid  bodies. 
Prom  these,  however,  they  are  distinguished  in  the  first  place  by  the 
fact  that  differentiations  are  possible  to  a  considerable  degree,  the  effects 
of  which  may  long  endure.  In  the  second  place,  long-continued  pressures, 
when  acting  on  a  large  enough  scale,  may  produce  great  deformations. 
Purther,  the  liquids  must  possess  the  property  of  great  -  expansion  on  a 
diminution  of  the  high  pressure,  thereby  readily  becoming  fluid.  The 
process  must  thus  differ  but  little  from  a  normal  melting  with  increase 

^  op,  cit.  pp.  404,  405. 
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of  volume,  and  especially  of  fluidity,  as  well  as  with  absorption  of  heat. 
And  yet  the  condition  of  aggregation  is  not  thereby  altered.’’  ^ 

The  aspect  thus  presented  of  the  probable  constitution  of  the  interior 
of  our  planet  appears  to  accord  well  with  the  geological  requirements. 
Not  only  does  it  furnish  an  explanation  of  the  characteristics  of  earth¬ 
quake  movements,  but,  as  Professor  Arrhenius  cogently  shows,  it  helps  us 
to  understand  some  of  the  more  difficult  problems  of  volcanic  action.  It 
will  therefore  be  further  referred  to  in  Book  III.  Part  1.  Again,  with 
reference  to  the  crust  of  the  earth,  it  meets  the  constantly  repeated 
objections  of  the  geologists  to  whom  the  existence  of  a  comparatively 
thin  crust  has  always  seemed  an  essential  condition  for  the  production 
of  that  crumpled  and  fractured  structure  which  the  rocks  of  the  land 
so  universally  present.  If  the  solid  crust  of  the  earth  is  allowed  to  be 
about  27)  miles  thick,  we  must  conceive  that  in  the  lower  four-fifths  of 
its  mass  the  rocks  arc  in  a  condition  of  latent  plasticity.  They  lie  much 
beyond  the  crushing  strength  which  they  exhibit  at  the  surface.  They 
are  not  crushed  into  powder  as  they  would  be  under  a  similar  strain 
above  ground,  but  they  are  ready  to  yield  to  the  deformations  that  may 
arise  consequent  upon  readjustments  of  the  gigantic  pressure  to  which 
they  are  subjected.  Hence  the  solid  crust  down  as  far  as  its  structure 
has  been  disclosed  abounds  in  proofs  that  it  has  undergone  colossal 
plication  and  fracture,  and  that  higher  portions  of  it  many  square 
miles  in  extent  have  been  thrust  bodily  over  each  other  for  many 
miles. 

§  4.  Age  of  the  Earth.- — The  age  of  our  planet  is  a  problem  which 
may  be  attacked  either  from  the  geological  or  the  physical  side. 

1.  The  geological  argument  rests  chiefly  upon  the  observed  rates 
at  which  geological  changes  are  being  effected  at  the  present  time,  and 
proceeds  on  data  partly  of  a  physical  and  partly  of  an  organic  kind. 
(a)  The  physical  evidence  is  derived  from  such  facts  as  the  observed 
rates  at  which  the  surface  of  a  country  is  lowered  by  rain  and  streams, 
and  new  sedimentary  deposits  are  formed.  These  facts,  to  he  adequately 
appreciated,  must  be  stated  in  detail,  as  will  be  done  in  later  sections  of 
this  volume.  It  may  suffice  here  to  refer  to  the  slowness  with  which 
such  changes  are  now  taking  place  before  our  eyes,  and  to  state  that  if 
we  assume  that  the  land  has  been  worn  away,  and  that  stratified  deposits 
have  been  laid  down,  nearly  at  the  same  rate  as  at  present,  then  we 
must  admit  that  the  stratified  portion  of  the  crust  of  the  earth  must 
represent  a  very  vast  period  of  time,  (h)  The  evidence  from  the 
organic  world  is  not  less  cogent  in  support  of  the  demand  for  long 
periods  of  time.  Human  experience,  so  far  as  it  goes,  warrants  the 
belief  that  changes  in  the. structure  of  plants  and  animals  take  place  with 
extreme  slowness.  Yet  in  the  stratified  rocks  of  the  terrestrial  crust 
we  have  abundant  proof  that  the  whole  fauna  and  flora  of  the  earth’s 
surface  have  passed  through  numerous  cycles  of  revolution — species, 
genera,  families,  orders,  appearing  and  disappearing  many  times  in 
succession.  On  any  allowable  supposition,  these  vicissitudes  in  the 

^  Ojj,  cit,  p.  410.  ■ 
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organic  world  can  only  have  been  effected  with  the  lapse  of  vast  periodvS 
of  time,  though  no  reliable  standard  seems  to  he  available  whereby  these 
periods  are  to  be  measured. 

It  will  be  observed  that  this  geological  reasoning  is  based  on  the 
assumption  that  on  the  whole  the  changes  in  the  inorganic  and  organic 
worlds  have  advanced  in  the  past  at  much  the  same  rate  as  they  do  at 
liresent.  It  is  not  maintained  that  this  rate  has  never  varied,  but  it  is 
the  only  one  with  which  we  are  acciiiaiiited,  and  which  can  therefore 
be  taken  as  a  guide  in  the  investigation  and  interpretation  of  the  past 
history  of  the  earth.  But  the  reasoning  has  been  impugned  on  th(‘ 
ground  that  the  present  scale  of  geological  and  biological  processes  may 
be  far  slower  than  it  once  was,  and  cannot  therefore  be  taken  as  a  reliable 
basis. ^  Some  of  those  who  have  entered  into  this  discussion  from  the 
side  of  physics,  starting  from  the  postulate,  which  no  one  will  dispute, 
that  the  total  sum  of  terrestrial  energy  was  once  greater  than  now, 
and  has  been  steadily  declining,  have  boldly  asserted,  that  all  kinds  of 
geological  action  must  have  been  more  vigorous  and  rapid  during  by¬ 
gone  ages  than  they  are  to-day;  that  volcanoes  were  more  gigantic, 
earthquakes  more  frequent  and  destructive,  mountain -upthrows  more 
stupendous,  tides  and  waves  more  powerful,  and  commotions  of  the 
atmosphere  more  violent,  together  with  more  disastrous  tempests,  heavier 
rainfall,  and  more  rapid  denudation.  But  no  proofs  have  ever  been 
brought  forward  to  show  that  these  assertions  are  founded  on  actual 
fact  and  not  on  mere  theoretical  possibility.  Such  proofs,  if  they  existed, 
could  be  produced,  for  they  would  assure<lly  be  found  in  the  chronicle  of 
the  earth’s  history,  which  from  a  very  early  period  clown  to  the  pi*esent 
time  has  been  legibly  written  within  the  sedimentary  formations  of  the 
terrestrial  crust.  But  that  chronicle  has  been  scrutinised  in  all  (juarters 
of  the  globe  without  the  discovery  of  any  evidence  in  favour  of  the 
assertions  of  the  physicists.  No  indication  has  been  foinid  that  the  rate 
of  geological  causation  has  ever,  on  the  whole,  greatly  \'aried  during  the 
time  which  has  elapsed  since  the  deposition  of  the  oldest  stratified  rocks. 
While  it  is  not  contended  that  there  has  been  no  variation,  that  there 
have  been  no  periods  of  greater  activity,  both  liypogene  and  epigene, 
the  demonstration  of  the  existence  of  such  periods  has  yet  to  be  made. 
It  may  be  most  confidently  affirmed  that,  whatever  may  have  happened 
in  the  early  ages  of  which  there  is  no  available  geological  record,  in  the 
w’hole  vast  succession  of  sedimentary  strata  nothing  has  yet  been  detected 
which  necessarily  demands  that  more  violent  and  rapid  action  which,  from 
physical  reasoning,  has  been  supposed  to  have  been  the  order  of  nature 
during  the  past. 

The  validity  of  this  statement  will  appear  more  clearly  from  tin; 
detailed  account  of  the  structure  of  the  terrestrial  crust  to  be  given  in 
later  parts  of  this  volume.  But  it  may  be  of  service  here  to  direct  attention 

^  Some  of  tlie  jiassages  wliicli  follow  are  taken  from  my  Address  to  tlie  (4eoIogical  Section 
of  the  Britisli  Association  at  tlie  Dover  Meeting  in  1899.  In  that  Address,  and  in  the 
Presidential  Address  to  the  British  Association  at  Edinburgh  in  1892,  1  have  dealt  with 
the  question  of  the  prohahle  age  of  the  earth. 
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to  some  of  the  kinds  of  geological  evidence  which  may  be  appealed  to  in  its 
favour.  Ill  so  far  as  relates  to  the  effects  of  underground  energy,  it  may 
be  confidently  asserted  that  the  latest  mountain-upheavals  were  at  least 
as  stupendous  as  any  of  older  date  whereof  the  basal  relics^  can  yet  he 
detected.  They  seem,  indeed,  to  have  been  still  more  gigantic  than 
those.  It  may  be  doubted,  for  example,  whether  among  the  vestiges 
that  remain  of  Mesozoic  or  Palseozoic  mountain- chains,  any  instance  can  be 
found  of  uplifts  so  colossal  as  those  of  Tertiary  times,  such  as  that  of  the 
Alps.  No  known  volcanic  eruptions  of  the  older  geological  periods  can 
compare  in  extent  or  volume  with  those  of  Tertiary  and  recent  date. 
The  plication  and  dislocation  of  the  terrestrial  crust  are  proportionately 
as  conspicuously  displayed  among  the  younger  as  among  the  older  forma¬ 
tions,  though  the  latter,  from  their  greater  antiquity,  have  suffered  more 
frequently  and  during  a  longer  time. 

Then  with  regard  to  the  geological  changes  on  the  surface  of  the  earth, 
no  evidence  of  greater  violence  in  the  surrounding  envelopes  of  atmosphere 
and  ocean  has  been  yet  found  among  the  stratified  rocks.  One  of  the  very 
oldest  formations  of  Western  Europe,  the  Torridon  Sandstone  of  North- 
West  Scotland,  presents  us  with  a  picture  of  long-continued  sedimentation, 
such  as  may  be  seen  in  progress  now  round  the  shores  of  many  a  mountain- 
girdled  lake.  In  that  venerable  deposit,  the  enclosed  pebl>les  are  not 
mere  angular  blocks  and  chips,  swept  by  a  sudden  flood  or  destructive 
tide  from  off  the  surface  of  the  land,  and  huddled  together  in  confused 
heaps  over  the  floor  of  the  sea.  They  have  been  rounded  and  polished 
by  the  quiet  operation  of  running  water,  as  stones  are  rounded  and 
polished  now  in  the  channels  of  brooks  or  on  the  shores  of  lake  and  sea. 
They  have  been  laid  gently  down  above  each  other,  layer  over  layer,  with 
fine  sand  sifted  in  between  them.  So  tranquil  were  the  waters  in  which 
these  sediments  accumulated,  that  their  gentle  currents  and  oscillations 
sufficed  to  ripple  the  sandy  floor,  to  arrange  the  sediment  in  lamiiue  of 
current-bedding,  and  to  separate  the  grains  of  sand  according  to  their 
relative  densities.  We  may  even  now  trace  the  results  of  these  operations 
in  thin  darker  layers  and  streaks  of  magnetic  iron,  zircon,  and  other 
heavy  minerals,  which  have  been  sorted  out  from  the  lighter  ({uartz- 
grains,  as  layers  of  iron-sand  may  be  seen  sifted  together  })y  the  tide 
along  the  upper  margins  of  many  of  our  sandy  beaches  at  the  present  day. 
In  the  same  ancient  formation  there  occur  also  various  intercalations 
of  fine  muddy  sediment,  so  regular  in  their  thin  alternations,  and  so  like 
those  of  younger  formations,  that  they  may  eventually  yield  remains 
of  organisms  which,  if  found,  would  be  the  earliest  traces  of  life  in 
Europe. 

It  is  thus  abundantly  manifest  that  even  in  the  most  ancient  of  the 
sedimentary  registers  of  the  earth’s  history,  not  only  is  there  no  evidence 
,  of  colossal  floods,  tides,  and  denudation,  but  there  is  incontrovertible 
proof  of  continuous  orderly  deposition,  such  as  may  be  witnessed  to-day  in 
any  quarter  of  the  globe.  The  same  tale,  with  endless  additional  details, 
is  told  all  through  the  stratified  formations  down  to  those  which  are  in 
the  course  of  accumulation  at  the  present  day. 
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Not  less  impoi'tant  than  the  stratigraphical  is  the  iDalaeontological 
evidence  in  favour  of  the  general  quietude  of  the  epigene  geological 
processes  in  the  past.  The  conclusions  drawn  from  the  nature  and 
arrangement  of  the  sediments  are  corroborated  and  much  extended  by  the 
structure  and  naanner  of  entombment  of  the  enclosed  organic  remains. 
From  the  time  of  the  very  earliest  fossiliferous  formations  there  is  no¬ 
thing  to  show  that  either  plants  or  animals  have  had  to  contend  with 
physical  conditions  of  environment  different,  on  the  whole,  from  those  in 
which  their  successors  now  live.  The  oldest  trees,  so  far  as  regards  their 
outer  form  and  internal  structure,  betoken  an  atmosphere  neither  more 
tempestuous  nor  obviously  more  impure  than  that  of  to-day,  though  there 
may  have  been  formerly  a  greater  proportion  of  carbon-dioxide  in  the  air. 
The  earliest  corals,  sponges,  crustaceans,  mollusks,  and  arachnids  were  not 
more  stoutly  constructed  than  those  of  later  times,  and  are  found  grouped 
together  among  the  rocks  as  they  lived  and  died,  with  no  apparent 
indication  that  any  violent  commotion  of  the  elements  tried  their  strength 
when  living,  or  swept  away  their  remains  when  dead. 

But,  undoubtedly,  most  impressive  of  all  the  palaeontological  data  is 
the  testimony  borne  by  the  grand  succession  of  organic  remains  among 
the  stratihecl  rocks  as  to  the  vast  duration  of  time  required  for  their 
evolution.  We  do  not  know  the  present  average  rates  of  orgatiic 
variation,  but  all  the  availal)le  evidence  goes  to  indicate  their  extreme 
slowness.  They  may  conceivably  have  been  more  rapid  in  the  past,  or 
they  may  have  been  liable  to  fluctuations  according  to  vicissitudes  of 
environment.  But  those  who  assert  that  the  rate  of  biological  evolution 
ever  differed  materially  from  what  it  may  now  1)6  infei-red  to  he,  have 
still  to  bring  forward  something  more  than  mere  assertion  in  their  support. 
Some  biologists  conceive  that  the  whole  succession  of  plant  and  animal 
life  preserved  in  the  crust  of  the  earth  might  have  been  evolved  in  some- 
such  period  as  20  or  30  millions  of  years.  But  the  great  majority 
of  them,  with  Darwin  at  their  head,  have  contended  for  a  much  more 
liberal  allowance  of  time.^ 

Until  it  can  be  shown  that  geologists  and  paleontologists  have  mis¬ 
interpreted  the  records  contained  in  the  earth’s  crust,  they  may  not  un¬ 
reasonably  claim  as  much  time  for  the  history  revealed  in  these  records 
as  the  vast  body  of  accinnulated  evidence  appears  to  them  to  demand. 
There  is  a  general  agreement  among  the  geologists  that  so  far  as  the 
phenomena  of  sedimentation  and  tectonic  structure  are  concerned 
100  millions  of  years  would  probably  suffice  for  the  completion  of 
the  geological  record.  But  if  on  palaeontological  grounds  the  allowance  of 
time  should  he  found  too  small,  there  appears  to  he  no  reason,  on  at  least 
the  geological  side,  why  it  should  not  he  enlarged,  as  far  as  may  be  found 

^  Darwin’s  ‘Origin  of  Species,’  chap.  ix.  ;  ‘Life  and  Letters,’  iii.  pp.  115,  14b'. 
Professor  Poiiltoii  in  his  Presidential  Address  to  the  Zoological  Section  of  the  British 
Association  at  Liverpool  in  1896  has  fully  stated  the  hiological  arguments  and  their  bearing 
on  the  age  of  the  earth.  Profe.ssor  Sollas  has  e.xpressed  the  opinion  that  the  deniaiids  of 
biology  would  be  amply  satisfied  with  a  period  of  26  millions  of  years  (Addresh  to 
Section  0,  Brit.  Assoc.  1900,  pi.  12  of  reprint). 
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needful  for  the  satisfactory  interpretation  of  the  evolution  of  organised 
existence  on  the  globe. 

An  ingenious  and  new  geological  argument  has  recently  l)een  l)<isod  by 
Professor  J.  Joly  of  Trinity  College,  Dublin,  on  the  quantity  of  sodium 
present  in  the  water  of  the  ocean  as  a  measure  of  the  ago  of  the  earth. 
He  assumes  that  the  sodium  contained  in  that  water  was  not  derived  from 
the  primeval  atmosphere  or  the  original  constitution  of  the  ocean,  but  has 
been  supplied  in  the  long  course  of  geological  time  by  the  denudation  of 
the  land  and  the  consequent  removal  of  the  material  in  solution  from 
the  terrestrial  rocks.  The  total  volume  of  the  oceanic  water  may  l)e 
approximately  computed,  and  as  the  chemical  composition  of  this  water 
is  fairly  well  known  from  the  analysis  of  specimens  taken  from  many 
widely  separated  regions,  the  whole  amount  of  sodium  in  the  ocean  may 
likewise  be  calculated.  Again,  the  total  volume  of  fresh  water  annually 
draining  off  the  land  into  the  sea  may  be  estimated,  and  from  the 
examination  of  the  salts  held  in  solution  in  the  waters  of  a  num]>er  of 
rivers  an  approximate  average  may  be  reached  for  the  (piantity  of 
sodium  carried  in  solution  every  year  into  the  sea.  Using  therefoi'e 
the  quantity  of  sodium  in  the  ocean  as  a  numerator  and  that  supplied 
every  year  by  the  drainage  of  the  land  as  a  denominator,  Professor  Joly 
arrives  at  the  conclusion  that  if,  as  may  reasonably  be  assumed,  the 
present  annual  supply  be  taken  as  a  measure  of  what  has  l)ecn  the  rate 
in  past  time, "  a  period  of  between  90  and  100  millions  of  years 
has  elapsed  since  the  ocean  began  to  receive  its  tribute  of  chemical 
solution  from  the  land.  It  may  be  objected  to  this  reasoning  that  some 
of  the  sodium  was  present  in  the  original  atmosphere  and  ocean,  and  if 
this  were  the  case  the  length  of  time  demanded  would  be  proportionately 
reduced.  Professor  Joly,  however,  gives  reasons  for  his  bejief  that  the 
sodium,  as  well  as  most  of  the  metals,  was  silicated  in  the  earlie.st 
terrestrial  crust,  and  that  the  chlorine  probably  existed  as  a  gas  combined 
with  hydrogen  in  the  primeval  atmosphere  or  dissolved  as  an  ij,cid  in  the 
earliest  water,  and  he  makes  an  allowance  for  the  more  active  denudation 
which  such  a  condition  of  things  would  entail.  Another  objection 
obviously  arises  to  the  miiformitarian  basis  on  which  the  computations 
are  made.  But  it  has  been  pointed  out  above  that  the  ])rcsent  rate  of 
geological  change,  being  the  only  one  which  we  can  actually  witness  find 
measure,  affords  the  only  foundation  on  which  to  proceed  in  endeavouring 
to  estimate  the  value  of  past  geological  time.  It  is  interesting  to 
petceive  that  the  time-limit  deduced  by  this  novel  method  of  investigation 
accords  well  with  the  conclusions  which  on  other  grounds  geologists  had 
already  reached  as  to  the  antiquity  of  the  globe.^ 

1  “All  Estimate  of  the  Geological  Age  of  the  Eartli,”  by  Professor  J.  Joly,  /In//. 

DiiUi/i  /Sac.  vii.  (ser.  ii.),  1899,  p.  ;  Geoi.  Mag.  1900,  p.  220  ;  Brit.  J.v.wr.  1900, 
pp.  369-379.  A  suggestion  liad  previously  been  imide  by  Mr.  Mellard  Reade  as  to  the 
computation  of  a  limit  to  the  earth’s  age  Irom  the  proportion  of  calciuin  suljihate  in  the  sea 
{‘Chemical  Denudation  in  relation  to  Geological  Time,’  London,  1879).  For  remarks  on 
l^ofessor  Joly’s  argument,  see  Rev.  0.  Fisher,  (/eol  Mag.  1900,  \k  124:  Professor  Sollas, 
Address  to  Geological  Section  of  the  British  Association,  1900.  See  also  a  paper  liy  Pi‘ofessor 
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We  may  sum  up  the  geological  argument  for  the  age  of  the  earth 
thus : — The  geological  evidence  indicates  an  interval  of  probably  not 
much  less  than  100  million  years  since  the  earliest  forms  of  life  appeared 
upon  the  earth  and  the  oldest  stratified  rocks  began  to  be  laid  down. 

2.  The  physical  argument  as  to  the  age  of  our  planet  is  based 
upon  three  kinds  of  evidence: — (1)  the  internal  heat  and  i^ate  of  cooling 
of  the.  earth  ;  (2)  the  tidal  retardation  of  the  earth’s  rotation ;  and  (3)  the 
origin  and  age  of  the  sun’s  heat. 

(1)  Applying  Fourier’s  theory  of  thermal  conductivity,  Lord  Kelvin 
pointed  out  as  far  hack  as  the  year  1862,  that  in  the  known  rate  of 
•increase  of  temperature  downward  beneath  the  surface,  and  the  rate  of 
loss  of  heat  from  the  earth,  we  have  a  limit  to  the  antiquity  of  the  planet. 
He  showed,  from  the  data  available  at  the  time,  that  the  superficial 
consolidation  of  the  globe  could  not  have  occurred  less  than  20  million 
years  ago,  or  the  underground  heat  would  have  been  greater  than  it  is ; 
nor  more  than  400  million  years  ago,  otherwise  the  underground 
temperature  would  have  shown  no  sensible  increase  downwards.  He 
admitted  that  very  wide  limits  were  necessary.  In  subsequently  dis¬ 
cussing  the  subject,  he  inclined  rather  towards  the  lower  than  the  higher 
antiquity,  but  concluded  that  the  limit,  from  a  considei’ation  of  all  the 
evidence,  must  be  placed  within  some  such  period  of  past  time  as  100 
millions  of  years.  He  would  now  restrict  the  time  to  between  20  and  40 
millions^ 

(2)  The  reasoning  from  tidal  retardation  proceeds  on  the  admitted 
fact  that,  owing  to  the  friction  of  the  tidal-wave,  the  rotation  of  the  earth 
is  retarded,  and  is  therefore  slower  now  than  it  must  have  been  at  one 
time.  Lord  Kelvin  contends  that  had  the  globe  become  solid  some 
10,000  million  years  ago,  or  indeed  any  high  antiquity  beyond  100 
million  years,  the  centrifugal  force  due  to  the  more  rapid  rotation  must 

Joly  on  “The  Circulation  of  Salt  and  Geoloj^ical  Time,”  Miuj,  1901,  p.  344,  and  sub¬ 
sequent  corre,spoiideiice,  pp.  445,  504,  558.  Professor  E.  Dubois  has  discussed  llie  amount  of 
oarbonate  of  lime  in  circulation  on  tlie  earth,  and  has  arrived  at  the  conclusion  tliat  “the 
formation  of  the  carbonates  from  silicate  rocks  has  required  at  least  some  tens  of  millions  of 
years.  But  this  is  a  minimum  ;  the  real  lapse  of  time  since  the  foniiatioii  of  a  solid  crust 
and  the  appearance  of  life  upon  the  globe  may  be  more  than  1000  millions  of  years  ”  {Proc, 
Kon.  Akad.  AwsterdLim,  1900,  p.  130). 

^  Traufi.  Roy,  tSoc.  Edi/i.  xxiii.  p.  1.57.  Tmns.  (JeAtl.  *S'or.  (dhinffow,  iii.  ]).  25.  ‘Poimhir 
Lectures  knd  Addresses,’  2nd  edit.  (1891),  p.  S97.  Professor  Tait  reduced  the  period  to  10 
nr  15  millions.  ‘  Uecent  Advances  in  Physical  Science,’  p.  167.  From  the  results  of  a  scries 
of  experiments  by  Dr.  Carl  Bams  to  iletermine  the  latent  heat  of  fusion,  specific  heats  melted 
and  solid,  and  volume-expansion  between  the  solid  and  melted  state  of  the  rock  diabase,  the 
late  Mr,  Clarence  King  arrived  at  the  conclusion  that  “we  have  no  warrant  for  extending  the 
earth’s  age  beyond  24  millions  of  years”  [Amer.  Joiirn.  /SV/.  xlv.  1893,  p.  15).  Keferriiig 
to  Mr.  King’s  paper.  Lord  Kelvin  states  that  he  is  not  led  to  differ  much  from  the  age-limit 
given  in  that  paper  [Phil.  Mag.  January  1899).  On  the  other  hand.  Professor  Perry  regards 
Mr.  King’s  reasoning  as  inconclusive,  and  remarks  that  “it  is  evident,  if  we  take  any  })robable 
law  of  temperature  of  convective  equilibrium  at  the  beginning,  and  assume  that  there  maybe 
greater  conductivity  inside  than  on  the  surface  rocks,  Mr.  King’s  ingenious  test  for  liquidity 
will  not  bar  ns  from  almost  any  great  age  ”  {Nature,,  li.  1895,  p.  583). 
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have  given  the  planet  a  very  much  greater  polar  flattening  than  it 
actually  possesses.  He  admits,  however,  that  though  100  million  years 
ago  that  force  must  have  been  about  3  per  cent  greater  than  now,  yet 
“  nothing  we  know  regarding  the  figure  of  the  earth  and  the  disposition 
of  land  and  water  would  justify  us  in  saying  that  a  body  consolidated 
when  there  was  more  centrifugal  force  by  3  per  cent  than  now,  might  not 
now  be  in  all  respects  like  the  earth,  so  far  as  we  know  it  at  present.”  ^ 
(3)  The  third  kind  of  evidence  leads  to  results  similar  to  those  derived 
from  the  two  previous  lines  of  reasoning.  It  is  based  upon  calculations 
as  to  the  amount  of  heat  that  would  be  available  by  the  falling  together 
of  masses  from  space,  which  by  their  impact  gave  rise  to  our  sun,  and  the 
rate  at  which  this  heat  has  been  radiated.  Assuming  that  the  sun  has 
been  cooling  at  a  uniform  rate,  Professor  Tait  concluded  that  it  cannot 
have  supplied  the  earth,  even  at  the  present  rate,  for  more  than  about 
15  or  20  million  years.‘^  Lord  Kelvin  also  believes  that  the  surds  light 
will  not  last  more  than  5  or  6  millions  of  years  longer.^ 

These  three  great  physical  arguments  have  for  some  forty  years  been 
repeatedly  advanced  as  a  triumphant  demolition  of  the  uniformitarian 
doctrines  of  modern  days.  They  are  alleged  “  to  sweep  away  the  whole 
system  of  geological  and  biological  speculation  demanding  an  ‘  inconceiv¬ 
ably  ’  gi’eat  vista  of  past  time,  or  even  a  few  thousand  million  years,  for 
the  history  of  life  on  the  earth,  and  approximate  uniformity  of  plutonic 
action  throughout  that  time.”  Yet  when  examined  they  are  each  found 
to  rest  on  assumptions  which,  though  certified  as  ‘‘probable”  or  “very 
sure,”  are  nevertheless  admittedly  assumptions.  The  conclusions  to  which 
these  assumptions  lead  must  depend  for  their  validity  on  the  degree  of 
approximation  to  the  truth  in  the  premisses  which  are  postulated.  As 
Huxley  in  dealing  with  them  long  ago  remarked  in  his  characteristically 
forcible  way,  “  Mathematics  may  be  compared  to  a  mill  of  exquisite 
workmanship,  which  grinds  you  stuff  of  any  degree  of  fineness  ;  liut, 
nevertheless,  what  you  get  out  depends  on  what  you  put  in ;  and  as  the 
grandest  mill  in  the  world  will  not  extract  wheat-flour  from  peascods,  so 
pages  of  formulae  will  not  get  a  definite  result  out  of  loose  data.”  ^ 

It  is  important  to  observe  that  neither  the  assumptions  nor  the  conclu¬ 
sions  drawn  from  them  are  so  self-evident  as  to  have  commanded  universal 
assent  even  among  physicists  themselves.  In  the  year  1886  Professor 
George  Darwin  devoted  his  Presidential  Address  before  the  Mathematical 
Section  of  the  British  Association  to  a  review  of  the  three  famous  physical 


^  Trans,  (ieol.  S>oc.  Glasgov,  iii.  p.  16.  Professor  Tait,  in  repeating  this  argument,  con¬ 
cluded  that,  taken  in  connection  with  the  previous  one,  “it  probably  reduces  the  possible 
period  which  can  he  allowed  to  geologists  to  something  less  than,  10  millions  of  years.” 
‘Kecent  Advances,’  p.  174.  Compare  Newcomb,  ‘Popular  Astronomy,’  p.  505. 

Op.  cit.  p.  174. 

‘Popular  Lectures,’  etc.,  p.  397.  His  latest  pronouncement  on  this  subject  will  be 
found  in  Ms  “Address  to  the  Victoria  Institute,”  Phil.  Mag.  January  1899,  in  which,  departing 
from  his  original  more  liberal  estimate,  he  now  affirms  that  the  age  of  the  earth  “  was  more 
than  20  and  less  than  40  million  years,  and  probably  much  nearer  20  than  40.” 

^  Presidential  Address  to  Geological  Society,  1869. 
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arguments  respecting  the  age  of  the  earth.  He  summed  up  his  judgment 
of  them  in  the  following  words  :  In  considering  these  three  arguments  I 
have  adduced  some  reasons  against  the  validity  of  the  first  [tidal  friction], 
and  have  endeavoured  to  show  that  there  are  elements  of  uncertainty 
surrounding  the  second  [secular  cooling  of  the  earth]  ;  nevertheless  they 
undoubtedly  constitute  a  contribution  of  the  first  importance  to  physical 
geology.  Whilst,  then,  we  may  protest  against  the  precision  with  which 
Professor  Tait  seeks  to  deduce  results  from  them,  we  are  fully  justified  in 
following  Sir  William  Thomson,  who  says  that  Hhe  existing  state  of 
things  on  the  earth,  life  on  the  earth — all  geological  history  showing 
continuity  of  life — must  be  limited  within  some  such  period  of  past  time 
as  100  million  years.' 

Three  years  later  Mr.  E.  S.  Woodward,  from  the  mathematical  side, 
expressed  his  opinion  that  the  argument  drawn  from  the  cooling  of  the 
earth  was  probably  incorrect,  and  that  this  contention  of  the  physicists 
remained  as  doubtful  as  it  was  when  discussed  twenty  years  before  by 
PIuxley.2  Again,  at  the  beginning  of  the  year  1900  the  same  al)le 
mathematician  reaffirmed  the  conviction  he  had  previously  published, 
remarking  that  Lord  Kelvin  had  not  convinced  most  mathematicians,  and 
the  geologists  had  adduced  the  weightier  arguments.  He  added  these 
words:  ‘‘Beautiful  as  the  Fourier  analysis  [of  the  theory  of  heat 
conduction]  is,  and  absorbingly  interesting  as  its  application  to  the  problem 
of  a  cooling  sphere  is,  it  does  not  seem  to  me  to  afford  anything  like  so 
definite  a  measure  of  the  age  of  the  earth  as  the  visible  processes  and 
effects  of  stratification  to  which  the  geologists  appeal.”^ 

More  recently  each  of  the  three  physical  arguments  has  been  impugned 
on  physical  grounds  by  Professor  Perry.  In  regard  to  the  first  of  them, 
based  on  the  rate  of  cooling  of  the  earth,  he  contends  that  it  is  perfectly 
allowable  to  assume  a  much  higher  conductivity  for  the  interior  of  the 
globe,  and  this  assumption  will  vastly  increase  our  estimate  of  the  age  of 
the  planet.  The  second,  based  on  tidal  retardation,  which  had  already 
been  impugned  by  Mr.  Maxwell  Close  and  Professor  Darwin,  is  dismissed 
by  him  as  fallacious.  With  respect  to  the  third,  drawn  from  the  history 
of  the  sun,  he  maintains  that,  on  the  one  hand,  the  sun  may  have  been 
repeatedly  fed  by  infalling  meteorites,  and  that  on  the  othet  the  earth, 
during  former  ages,  may  have  had  its  heat  retained  by  a  dense  atmospheric 
envelope.  Believing  that  “  almost  anything  is  possible  as  to  the  present 
internal  state  of  the  earth,’'  he  concludes  in  these  words :  “  To  sum  up, 
we  can  find  no  published  record  of  any  lower  maximum  age  of  life  on  the 
earth,  as  calculated  by  physicists,  than  400  millions  of  years.  From  the 
three  physical  arguments.  Lord  Kelvin’s  higher  limits  are  1000,  400,  and 
500  million  years.  I  have  shown  that  we  have  reasons  for  believing  that 
the  age,  from  all  these,  may  be  very  considerably  underestimated.  It  is 

^  Rep,  Brit.  Assoc,  1886,  p.  517. 

2  “  On  tlie  Mathematical  Theories  of  the  Earth/’  Vice-Presidential  Address  to  the  Section 
of  Astronomy  and  Mathematics,  Amer.  Assoc.  1889. 

^  “The  Century’s  Progress  in  Mathematics,”  Presidential  Address,  B2dl.  America7i 
Math.  Soc.  yi.  (1900),  p.  147. 
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to  be  observed  that  if  we  exclude  everything  but  the  arguments  from 
mere  physics,  the  prohahle  age  of  life  on  the  earth  is  much  less  than  any 
of  the  above  estimates ;  but  if  the  palaeontologists  have  good  reasons  for 
demanding  much  greater  time,  I  see  nothing  from  the  physicist’s  point 
of  view  which  denies  them  four  times  the  greatest  of  these  estimates.”  ^ 

This  remarkable  admission  from  a  recognised  authority  on  the  physical 
side  re-echoes  and  emphasises  the  warning  pronounced  by  Professor 
Darwin  in  the  address  already  quoted :  “  At  present  our  knowledge  of  a 
definite  limit  to  geological  time  has  so  little  precision  that  we  should  do 
wrong  to  summarily  reject  any  theories  which  appear  to  demand  longer 
periods  than  those  which  now  appear  allowable.”  ^  It  is  fully  recognised 
that  the  exorbitant  demands  for  past  time  made  by  the  earlier  geologists 
were  unwarranted  and  unnecessary,  and  that  physicists  have  done  notable 
service  in  showing  that  a  limit  must  be  set  to  the  antiquity  of  the  globe 
and  to  the  future  duration  of  the  solar  system.  But  the  physical 
arguments  are  not  based  on  such  definite  and  precisely  known  data  as 
to  prevent  the  geologists  and  palaeontologists  of  to-day  from  claiming  as 
much  time  as  the  obvious  interpretation  of  the  structure  and  history  of 
the  earth’s  crust  appears  to  demand. 

The  sequence  of  geological  time  and  the  methods  of  arranging  its 
subdivisions  and  of  attempting  to  compute  their  relative  duration  will  be 
better  understood  by  the  student  after  the  composition  and  tectonic 
arrangements  of  the  terrestrial  crust  have  been  considered  in  Book  VI. 

Part  IL — An  Account  or  the  Composition  of  the  Earth’s 
Crust — Minerals  and  Kocks. 

The  earth’s  crust  is  composed  of  mineral  matter  in  various  aggregates 
included  under  the  general  term  Eock.  A  rock  may  be  defined  as  a 
mass  of  matter  composed  of  one  or  more  simple  minerals,  having 
usually  a  variable  chemical  composition,  with  no  necessarily  symmetrical 
external  form,  and  ranging  in  cohesion  from  mere  loose  d4bris  up  to 
the  most  compact  stone.  Granite,  lava,  sandstone,  limestone,  gravel,  sand, 
mud,  soil,  marl  and  peat,  are  all  recognised  in  a  geological  sense  as 
rocks.  The  study  of  rocks  is  known  as  Lithology,  Petrography  or 
Petrology. 

It  will  be  most  convenient  to  treat — 1st,  of  the  general  chemical 
constitution  of  the  crust  j  2nd,  of  the  minerals  of  which  rocks  mainly 
consist ;  3rd,  of  the  methods  employed  for  the  determination  of  rocks ; 
4th,  of  the  external  characters  of  rocks ;  5th,  of  the  internal  texture  and 
structure  of  rocks ;  6th,  of  the  classification  of  rocks ;  and  7th,  of  the 
more  important  rocks  occurring  as  constituents  of  the  earth’s  crust. 

Sect.  i.  General  Chemical  Constitution  of  the  Crust. 

Direct  acquaintance  with  the  chemical  constitution  of  the  globe  must 
obviously  be  limited  to  that  of  the  crust,  though  by  inference  ve  may 

^  Nature,  li.  (1895b  p.  585.  -  Rep,  Brit,  Assoc,  1886,  p.  518. 
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eventually  reach,  highly  probable  conclusions  regarding  the  constitution 
of  the  interior.  Chemical  research  has  discovered  that  some  seventy-five 
simple  or  as  yet  undecomposable  bodies,  called  elements,  in  various  pro¬ 
portions  and  compounds,  constitute  the  accessible  part  of  the  crust.  Of 
these,  however,  the  great  majority  are  comparatively  of -rare  occurrence. 
The  crust,  so  far  as  we  can  examine  it,  is  mainly  built  up  of  about  twenty 
elements,  which  may  be  arranged  in  two  groups, — metalloids  and  metals, — 
the  most  abundant  bodies  being  placed  first  in  each  group  in  the  following 
table :  ^ — 


MeMlloids. 


B.  Proportion  in  outer 


Oxygen 

Chemical 

Symbol. 

.  0  . 

A. 

Atomic 

Weiglit. 

.  15-96  . 

Proportion  in  the 
Older  CruKt  of 
tlie  Eartli. 

.  47  -02  . 

part  of  Bartli,  includ 
iiig  Crust,  Sea,  and 
AtmospluTe. 

.  50 

Silicon 

.  Si  . 

.  28-00  . 

.  28-06  . 

.  26 

Hydrogen 

.  H  . 

1-00  . 

0-17  . 

.  0-90 

Carbon 

.  C  . 

.  11-97  . 

0-12  . 

.  0-20 

Phosphorus  . 

.  P  . 

,  30-96  . 

.  0-09  . 

.  0-08 

Sulphur 

.  s  . 

.  31-98  . 

.  0-07  . 

.  0-06 

Chlorine 

.  CT  . 

.  35-37  . 

.  0-01  . 

.  0-175 

Fluorine 

.  F  . 

.  19-00  . 

.  0-01  . 

.  0-03 

Nitrogen 

.  N  . 

.  14-01  . 

.  0*02 

Aluminium  . 

.  A1  . 

Metals. 

.  27-30  . 

8-16  . 

7*45 

Iron 

.  Fe  . 

.  55-90  . 

.  4-64  . 

4-2 

Calcium 

.  Ca  . 

.  39-90  . 

.  3-50  . 

3-25 

Magnesium  . 

•  Mg. 

.  23-94  . 

.  2-62  . 

2-35 

Potassium  . 

.  K  . 

.  39-04  . 

2-35  . 

2-35 

Sodium 

.  Na  . 

.  22-99  . 

.  2-63  . 

.  2-40 

Titanium 

.  Ti  . 

.  48-00  . 

.  0-41  . 

.  0-30 

Manganese  . 

.  Mn . 

.  54-80  . 

.  0-07  . 

.  0-07 

Barium 

.  Ba  . 

.  136-80  . 

.  0-05  . 

0-03 

Strontium  . 

.  St  . 

.  87-20  . 

0-02  , 

.  0-005 

Chromium  . 

.  Cr  . 

.  52-40  . 

.  0-01  . 

0-01 

Nickel 

.  Ni  . 

.  58-60  . 

.  0-01  . 

.  0-005 

Lithium 

.  Li  . 

.  7-01  . 

.  0-01  . 

0-005 

100-00 


Of  the  other  elements,  upwards  of  fifty  in  number,  the  proportions  are 
so  small  that  probably  not  one  of  them  equals  as  much  as  one-hundredth 
of  one  per  cent  of  the  whole  crust.  Yet  they  include  gold,  silver,  copper, 
tin,  lead  and  the  other  useful  metals,  iron  excepted.  It  will  be  observed 
that  of  the  accessible  part  of  the  globe  three-fourths  consist  of  metalloids 
and  one-fourth  of  metals. 

^  Column  A  is  taken  from  the  paper  by  Mr.  F.  W.  Clarke,  Bull.  U.S.  Geol.  Swrv.  No. 
168  (1900),  p.  5.  The  proportions  of  the  elements  here  given  were  estimated  from  tlie 
complete  analyses  of  830  rocks  representing  the  general  composition  of  the  older  crystalline 
rocks  of  the  terrestrial  crust.  This  subject  has  likewise  been  elaborately  worked  out  for 
each  element  or  group  of  elements  by  Professor  Vogt  of  Christiania  {Zeitsch.  Rrald.  (Je.d. 
1898,  pp.  225,  314,  377,  413 ;  and  1899,  p.  10).  Column  B  in  the  table  above,  taken  from  his 
papers,  shows  the  proportion  of  the  elements  assigned  by  him  to  the  rocks,  the  air,  and  the  sea. 
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Comparatively  few  of  the  elements  occur  in  a  free  or  uncombined 
state.  In  nearly  all  cases  they  have  formed  compounds  with  each  other, 
some  of  which  consist  of  only  two  elements,  while  others  have  an 
exceedingly  complicated  composition.  We  may  conveniently  consider 
the  more  important  elements  in  the  order  of  their  relative  abundance 
and  notice  the  chief  combinations  in  which  they  occur. 

Oxygen,  by  far  the  most  abundant  constituent  of  the  outer  part  of  our  planet,  forms 
about  23  per  cent  by  weight  of  air,  88  *87  per  cent  of  water,  and  about  half  of  all  the 
rocks  that  compose  the  terrestrial  crust.  It  exists  free  or  mechanically  mixed  with 
nitrogen  in  the  atmosphere,  from  which  it  readily  passes  into  combination  with  the 
other  elements  (with  all  of  which  it  forms  compounds,  except  with  fluorine)  in  the 
large  and  widely  prevalent  series  of  Oxides.  These  may  be  divided  into  Basic  Oxides, 
which  combine  with  acids  to  form  salts,  as  where  iron-monoxide  or  ferrous  oxide,  TeO, 
combines  with  carbonic  dioxide  to  form  ferrous  carbonate  or  spathic  iron ;  Peroxides, 
which  contain  a  larger  proportion  of  oxygen  and  do  not  form  salts  ;  fajniliar  examples 
being  the  sesquioxide  of  iron  or  ferric  oxide  (FcoOg)  and  manganese  dioxide  (MnOg)  ;  and 
Acid-forming  Oxides,  which,  combining  with  water,  form  acids,  as  where  the  trioxide  of 
sulphur  (SO;j)  taking  up  water  becomes  sulphuric  acid  (H2SO4),  and  the  pentoxide  of 
phosphorus  (P2O5)  becomes  phosphoric  acid  (H3PO4). 

Silicon,  which  rauks  second  in  importance,  always  occurs  united  with  oxygen.  It 
constitutes  rather  more  than  a  fourth  part  of  the  crust.  Its  dioxide,  known  as  Silica,  is 
found  as  the  familiar  mineral  quartz,  and  as  one  of  the  acid-forming  oxides  (H4Si04, 
Silicic  acid)  ^  it  forms  combinations  with  alkaline,  earthy,  and  metallic  bases,  which 
appear  as  the  prolific  and  universally  diffused  family  of  tlie  Silicates.  Moreover,  it  is 
present  in  solution  in  terrestrial  and  oceanic  waters,  from  which  it  is  deposited  in  pores 
and  fissures  of  rocks.  It  is  likewise  secreted  from  these  W'aters  by  abundantly  diffused 
species  of  plants  and  animals  (diatoms,  radiolarians,  &c.).  It  has  been  largely  effective 
in  replacing  the  organic  textures  of  former  organisms,  and  thus  preserving  them  as 
fossils.  Silica  may  be  regarded  as  the  most  abundant  and  important  ingredient  in  the 
mineral  kingdom,  for  of  itself  it  makes  up  more  than  one-half  of  the  known  crust, 
which  it  seems  to  bind  firmly  together,  entering  as  a  main  ingredient  into  the  composi¬ 
tion  of  most  crystalline  and  fragmental  rocks  as  well  as  into  the  veins  that  traverse 
them.  Quartz  strongly  resists  ordinary  decay,  and  is  therefore  a  marked  constituent  of 
many  of  the  more  enduring  kinds  of  rock.  Many  of  the  silicates,  however,  are  liable  to 
decay,  owing  to  their  decomposition  and  the  abstraction  of  their  bases. 

Aluminium  comes  third  in  order  of  the  elements  as  a  constituent  of  the  crust,  of 
which  it  is  computed  to  form  about  S  per  cent.  It  is  thus  by  far  the  most  abundant  of 
all  the  metals.  It  is  not  found  naturally  in  the  free  state,  but  combined  with  oxygen 
forms  several  distinct  minerals  (corundum,  sapphire,  ruby),  and  occurs  also  in  the 
material  known  as  bauxite  (p.  169),  now  much  sought  after  as  a  source  for  the  extraction 
of  the  metal.  Its  chief  combinations,  however,  are  with  silica,  with  which  it  forms  the 
basis  of  the  vast  family  of  the  aluminous  silicates  that  constitute  so  large  a  portion 
of  the  crystalline  and  fragmental  rocks.  Exposed  to  the  atmosphere,  these  silicates 
lose  some  of  their  more  soluble  ingredients,  and  the  remainder  forma  an  earth  or  clay 
consisting  chiefly  of  silicate  of  aluminium. 

Iron,  the  fourth  element  in  order  of  abundance  in  the  terrestrial  crust,  of  which  it 
forms  nearly  5  per  cent,  occurs  in  the  free  state  alloyed  with  nickel  as  the  main  con¬ 
stituent  of  the  class  of  meteorites  known  as  siderites,  and  has  also  been  detected  in  some 

^  This  is  the  normal  quadrivalent  or  orthosilicic  acid  in  which  one  atom  of  silicon  is 
united  to  four  of  HgO  ;  but  there  are  probably  other  silicic  acids  in  nature  giving  rise  to 
diortho-silicates,  meta-silicates  and  dimeta-silicates.  P.  W.  Clarke,  JB.  U,  S.  G,  S,  No.  125 
(1895).  See  also  G.  F.  Becker,  Amer.  Journ,  Sci.  xxxviii.  (1889),  p.  154. 
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terrestrial  rocks  of  volcanic  origin,  as  will  be  more  fully  noticed  a  little  farther  on. 
But  with  these  exceptional  occurrences,  it  is  always  combined  with  oxygen,  with  which 
it  forms  a  varied  and  universally  diffused  group  of  oxides.  The  monoxide  or  ferrous 
oxide  (FeO)  is  an  abundant  constituent  of  rocks.  The  sosquioxide  or  ferric  oxide  (FegO;}), 
though  rather  less  prevalent,  is  a  common  mineral,  and  is  likewise  present  in  the  com¬ 
position  of  many  igneous  and  sedimentary  rocks.  Reference  to  these  minerals  is  made  on 
p.  96.  The  monoxide  is  abundantly  diffused  in  combination  with  carbonic  acid  as  tlie 
carbonate  of  iron — an  important  ore  of  the  metal.  United  to  sulphur,  iron  yields  an 
important  group  of  sulphides.  Iron  and  manganese  are  frequently  associated  together 
in  igneous  rocks,  and  likewise  in  the  sedimentary  strata  derived  from  these. ^ 

Calcium,  a  metal,  forming  with  Barium  and  Strontium  the  group  of  the  alkaline 
earths,  comes  rather  behind  iron  in  abundance,  and  never  occurs  in  a  free  state.  Com¬ 
bined  with  oxygen  and  united  with  one  or  other  of  the  acids,  it  gives  rise  to  an  abundant 
and  varied  series  of  compounds,  and  hence  becomes  an  inq)ortant  rock-constituent  both 
among  the  igneous  and  sedimentary  formations.  Thus  in  combination  with  silica  it  enters 
into  the  composition  of  many  silicates,  and  in  union  with  carbon-dioxide  it  appears  as  the 
mineral  calcite,  so  widely  spread  in  strings  and  cavities  of  rocks  exposed  to  the  action 
of  meteoric  waters,  and  as  the  various  kinds  of  limestone.  Calcium-carbonate  or 
carbonate  of  lime  being  soluble  in  water  containing  carbonic  acid,  is  one  of  the  most 
universally  diffused  mineral  ingredients  of  natural  waters.  It  supplies  the  varied  tribes 
of  mollusks,  corals,  and  many  other  invertebrates  with  mineral  substance*  for  the 
secretion  of  their  tests  and  skeletons.  Such  too  has  been  its  office  from  remote  geological 
periods,  as  is  shown  by  the  vast  masses  of  organically-formed  limestone,  which  enter  so 
conspicuously  into  the  structure  of  the  continents.  In  combination  with  sulphuric 
acid,  calcium  forms  important  beds  of  gypsum  and  anhydrite. 

Magnesium,  another  metal,  is  not  met  with  imconibined,  but  its  oxide  occurs  not 
infrequently  in  combination  with  carbonic  acid,  sulphuric  acid  and  silicic  acid  ;  while, 
uijilied  to  chlorine,  magnesium  is  found  abundantly  in  the  sea  and  in  some  ancient  rock- 
salt  deposits. 

Sodium  and  Potassium,  the  two  chief  alkali  metals,  are  only  met  with  in  combination 
with  other  elements.  United  to  silicic  acid  they  arc  widely  diffused  among  the  silicates, 
and  combined  with  chlorine  they  appear  as  important  members  of  the  saline  constituents 
of  the  sea,  as  well  as  in  the  deposits  of  rock-salt  within  the  earth’s  cru.st. 

The  foregoing  eight  elements  form  together  about  99  per  cent  of  the  crust.  It  will 
be  seen  that  even  the  most  abundant  of  the  remaining  elements  enumerated  in  the  table 
exists  ill  such  small  quantity  as  not  to  amount  to  a.s  much  as  the  half  of  one  per  cent, 
while  the  others  are  found  in  still  more  minute  proportions.  The  most  important  of 
them  appears  to  be  Titanium. 

Titanium  does  not  occur  native.  As  an  oxide  it  forms  the  minerals  auatase, 
hrookite  and  rutile.  But  its  prevalent  association  is  with  iron  as  titanic  iron,  (FeTi)20y, 
in  which  form  it  is  present  in  many  igneous  rocks  (basalts  and  other  basic  masses),  and  even 
in  the  ferrous  carbonates  which  occur  among  the  stratified  formations  and  are  employed  as 
ores  of  iron,  for  it  is  found  in  brilliant  aggregates  in  the  bottom-slags  of  smelting  furnaces. 

Hydrogen  has  been  found  in  a  free  state  at  volcanic  vents,  and  has  been  detected  in 
notable  quantities  enclosed  in  the  minute  pores  or  cavities  of  many  igneous  rocks  of  all 
ages.  Thus  in  a  gabbro  from  the  Lizard,  Cornwall,  it  has  been  obtained  to  the  amount 
of  six  times  the  volume  of  the  enclosing  roeks.^  It  lias  been  found  occluded  in  meteorites, 
li  chiefly  occurs,  however,  in  combination  with  oxygen  as  the  oxide,  water,  of  which  it 
forms  1113  per  cent  by  weight ;  also  in  combination  with  carbon  as  the  hydrocarbons 
(mineral  oils  and  gases). 

^  K  A.  F.  Penrose,  jim.,  “The  Chemical  Relation  of  Iron  and  Manganese  in  Sedi¬ 
mentary  Rocks,”  Journ.  Geol.  i.  (1893),  p.  356. 

^  Dr.  W.  A.  Tilden,  Proc.  Roy.  Soc.  lx.  (1897),  p.  453. 
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Carbon  is  the  fundamental  element  of  organic  life.  In  combination  with  oxygen  it 
forms  two  oxides — carbon  monoxide  (CO),  a  gas  which  has  been  found  in  some  quantity  in 
the  minute  pores  of  igneous  rocks ;  and  carbon  dioxide  (CO2),  which  is  a  universal  and 
jjowerful  geological  agent.  Combined  with  hydrogen  ityields  methane,  marsh-gas  or  fire¬ 
damp  (CPI4),  which  has  been  likewise  found  to  be  present  in  the  microscopic  cavities  of 
igneous  rocks.  Compounds  of  carbon  with  hydrogen,  as  well  as  with  oxygen,  nitrogen  and 
sulphur,  form  the  various  kinds  of  coal.  Carbon-dioxide  is  present  in  the  air,  in  rain,  in 
the  sea  and  in  ordinary  terrestrial  waters.  This  oxide,  being  soluble  in  water,  ^  gives  rise 
to  a  dibasic  acid  termed  Carbonic  Acid,  CO(OH)2  or  H2CO;},  which  forms  carbonates,  its 
combination  with  calcium  having  been  instrumental  in  the  formation  of  vast  masses  of 
solid  rock.  Carbon-dioxide  constitutes  a  fifth  part  of  the  weight  of  ordinary  limestone. 

From  the  detection  of  marsh-gas  and  carbonic  acid  in  considerable  quantities 
imprisoned  within  the  minute  pores  of  igneous  rocks,  and  from  the  abundant  escape  of 
hydrocarbons  in  the  gaseous  and  liquid  form  from  beneath  to  the  surface  in  so  many  parts 
of  the  world,  the  opinion  has  been  formed  that  these  emanations  do  not  proceed,  as  has 
generally  been  supposed,  from  the  decomposition  of  coal  or  other  sedimentary  material 
of  carbonaceous  composition  and  vegetable  origin,  but  rather  point  to  the  existence  of  vast 
quantities  of  carbon  combined  in  the  interior  of  the  earth  Avith  such  metals  as  iron  and 
manganese.  Water  descending  from  the  surface  and  reaching  these  carbides,  which  are 
readily  decomposable  by  water,  one  class  of  them  even  at  ordinary  temperatures  and 
pressures,  would  give  rise  to  the  oxidation  of  the  metals,  to  the  production  ofhydio- 
carbons,  both  gaseous  and  liquid,  and  to  the  evolution  of  carbonic  acid  as  the  ultimate 
stage  of  alteration.- 

Phosphorus  is  not  met  with  in  the  free  state,  but  is  widely  diffused  in  nature  combined 
with  oxygen  and  calcium  as  calcium  phosphate,  which  in  small  quantities  appears  in  many 
crystalline  rocks  (apatite).  By  the  decay  of  these  rocks  it  is  furnished  to  the  soil,  and 
becomes  an  important  ingredient  in  plant -structures,  and  enters  largely  into  the 
composition  of  mammalian  bones.  It  is  found  in  layers  and  nodules  in  many  sedimentary 
rocks  (phosphatic  cbalk,  coprolites,  &c.). 

Manglanese  is  another  of  the  wndely  diffused  metals  Avhich  are  never  found  in  the 
native  state.  In  combination  with  oxygen  it  yields  a  series  of  oxides,  some  of  which 
occur  as  independent  minerals.  It  is  present  in  minute  quantities  in  other  minerals,  and 
can  be  detected  in  many  rocks.  Reference  is  made  on  p.  97  to  some  of  these  occurrences. 

Sulphur  occurs  uncombined  at  some  volcanic  vents  and  in  occasional  sedimentary 
deposits,  like  those  of  Sicily  and  Naples,  to  be  afterwards  described  ;  but  much  more  com¬ 
monly  in  union  with  iron  and  other  metals  as  sulphides  ;  and  in  combination  with  oxygen 
as  sulphuric  acid,  H2SO4,  in  sulphates  of  lime,  magnesia,  &c.  In  the  form  of  gypsum, 
calcium  sulphate  becomes  an  important  rock-builder  among  certain  groups  of  deposit.s. 

Barium,  never  met  with  nncombined,  is  chiefly  found  in  the  form  of  a  sulphate, 
known  as  barytes  or  heavy  spar,  of  frequent  occurrence  in  mineral  veins  and  Ailing  cavities 
in  rocks  into  which  it  has  been  introduced  by  infiltration.  The  carbonate,  witlierite,  is 
not  so  abundant,  and  the  element  occurs  in  still  smaller  quantities  in  a  number  of 
minerals,  in  some  mineral  waters,  and  in  the  sea. 

Strontium,  like  barium,  does  not  occur  in  the  free  state,  but  is  not  very  rare  combined 
with  sulphuric  acid  as  the  sulphate  called  celestiiie,  and  with  carbon-dioxide  as  the 
carbonate  or  strontianite.  Minute  admixtures  of  strontium  are  likewise  present  in  somo 
other  minerals  (calcite,  aragonite,  and  limestone),  and  in  the  water  of  some  springs  and 
of  the  sea. 

^  One  volume  of  water  at  0°  C.  dissolves  1*7967  volumes  of  carbon-dioxide  ;  at  15“  C. 
the  amount  is  reduced  to  1  *0020  volumes. 

2  Mendelejeft“’s  ‘  Principles  of  Chemistry,  ’  i.  p.364;  H.Moissan,  Proc.Roy.  >Sroc.  lx.  (1897), 
p.  156  ;  Tilden’s  paper  above  cited,  and  W.  Ramsay,  Proc.  Roy.  Soc.  xl.  (1897).  This  sub¬ 
ject  is  again  referred  to  at  p.  142,  and  will  be  further  discussed  in  Book  III.  Part  I.  Sect.  i.  §  5. 
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Nickel  is  a  metal  wliicli  appears  in  variable  proportions  alloyed  witli  native  iron  in 
meteorites,  and  also  in  the  native  iron  found  in  some  terrestrial  volcanic  rocks.  It 
occurs  in  combination  -with  other  elements  in  various  minerals  and  ores,  such  as  nickeliiio 
or  kupfer-nickel,  nickel-^dance,  millerite,  niekel-oehre,  garnierite,  &c. 

Chromium  is  one  of  a  distinct  group  of  metals  which  furnish  acid-forming  trioxides 
that  yield  well-marked  salts.  It  ia  not  met  with  in  the  free  state,  but  occurs  as  a 
constituent  of  various  minerals,  particularly  in  chromite  or  chromic  iron,  and  as  the 
green  colouring  material  of  others,  as  in  the  emerald,  and  some  micas  and  serpentines. 

Lithium,  another  of  the  alkali  imdals,  is  the  lightest  of  all  known  solid  substances, 
but  it  does  not  occur  native.  It  is  found  in  combination  with  phosphates  and  silicates  in 
several  minerals,  and  minute  proportions  of  it  arc  present  in  many  natural  waters. 

Chlorine  does  not  occur  in  nature  in  a  free  state,  but  appears  abundantly  in  combina¬ 
tion  with  the  alkali  metals,  in  the  form  of  the  chlorides  of  sodium,  potassium  and 
magnesium,  which  aia*,  such  characteristic  constituents  of  sea-water.  These  compounds 
are  likewise  met  with  in  ancient  rock-salt  deposits.  On  a  comparatively  trifling  scale 
this  element  also  occurs  in  combination  with  metals  in  different  minerals,  as  with  iron, 
lead,  silver  and  copper.  ’ 

Fluorine  is  an  element  so  much  more  active  than  all  the  others  that  it  combines  with 
every  one  of  them,  save  only  oxygen.  Until  recently  it  had  resisted  all  the  attempts  of 
chemists  to  isolate  it,  hut  this  so})aration  has  at  last  been  elfected  by  M.  Moissan  of  Paris, 
who  has  found  it  to  be  a  pale  yellowish-grccu  gas  which  becomes  liquid  at  a  temperature 
of  about  -  187'"  C.^  Its  most  familiar  com])inatiou  in  nature  is  with  calcium  (fluor-sx)ar), 
hut  it  occurs  also  with  aluminium  and  sodium  (cryolite)  and  in  other  minerals.  Traces 
of  its  presence  have  been  detected  in  the  water  of  many  mineral  springs  and  of  the  sea, 
and  likewise  in  the  structure,  especially  the  bones  and  teeth,  of  mammals.  The  re¬ 
markable  researches  of  M.  Moissan  have  demonstrated  such  an  extraordinary  chemical 
activity  of  this  element  with  regard  to  the  metalloids,  metals  and  even  organic  compounds, 
that  the  presence  of  fluorine,  evem  if  only  in  minute  proportions,  may  be  looked  for  in 
any  terrestrial  substance. 

Of  the  elements  here  enumerated  the  comidnations  which  enter  most 
largely  into  the  composition  of  the  earth’s  crust  can  best  be  determined 
from  the  collation  6f  a  sufficiently  large  number  of  chemical  analyses  of 
the  more  representative  rocks  of  the  earth’s  crust.  Silch  a  determination 
has  been  made  by  Mr.  F.  AV.  Clarke  from  the  mean  of  830  analyses  of 
typical  samples  from  the  older  or  primitive  part  of  the  crust,  and  is 
expressed  in  the  subjoined  tahle.**^ 


Silica  (SiOy) . 

.  59*71 

Alumina  (Al^O:}) . 

.  15*41 

Ferric  oxide  (FeaOjf) . 

.  2*63 

Ferrous  oxide  (FeO) . 

3*52 

Lime  (CaO) . 

4*90 

Magnesia  (hlgO)  ^ . 

.  4*36 

Potash  (K.jO) . 

.  2*80 

Soda  (Naob) . 

.  8*55 

Water  (H,0) . 

.  1  -52 

Titanic  acid  (d\0.j) . 

0  *60 

Phosphoric  acid  (IVy . 

.  0*22 

99  *22 

^  ‘  Fluor  et  ses  Compos(ies,’  Paris,  1900,  pp.  xii.  397. 

^  Bull.  U.  S.  O.  S.,  No.  168  (1900),  p.  14.  According  to  this  enumeration  all  the  other 
combinations  of  the  elements  form  considerably  less  than  one  i»er  cent. 
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In  a  broad  Tiew  of  the  arrangement  of  the  chemical  elements  in  the 
external  crust,  the  speculation  of  Duroeher  may  be  noticed  hered  He 
regarded  all  rocks  as  referable  to  two  layers  or  magmas  co-existing  in 
the  earth’s  crust,  the  one  beneath  the  other,  according  to  their  specific 
gravities.  The  upper  or  outer  shell,  which  he  termed  the  acid  or 
siliceous  magma,  contains  an  excess  of  silica,  and  has  a  mean  density  of 
2*65.  The  lower  or  inner  shell,  which  he  called  the  basic  magma,  has 
from  six  to  eight  times  more  of  the  earthy  bases  and  iron-oxides,  with  a 
mean  density  of  2*96.  To  the  former  he  assigned  the  early  plutonic 
rocks,  granite,  felsit'e,  &c.,  with  the  more  recent  trachytes ;  to  the  latter 
he  relegated  all  the  heavy  lavas,  basalts,  diorites,  &:c.  The  ratio  of  silica 
is  7  in  the  acid  magma  to*  5  in  the  basic.  The  proportion  of  silicic 
acid  or  of  the  earthy  and  metallic  bases  cannot,  however,  be  regarded  as 
any  certain  evidence  of  the  geological  date  of  eruptive  rocks,  nor  of  their 
probable  depth  of  origin. ^ 

Sect.  ii.  Rock-forming  Minerals.^ 

Chemical  analysis  has  revealed  the  numerous  combinations  in  which 
the  elements  are  united  to  form  minerals  and  rocks.  Considerable 
additional  light  has  likewise  been  thrown  on  the  subject  by  chemical 
synthesis,  that  is,  by  artificially  producing  the  minerals  and  rocks  which 
are  found  in  nature.  The  experiments  have  been  varied  indefinitely  so 
as  to  imitate  as  far  as  possible  the  natural  conditions  of  production. 
Further  reference  to  this  subject  will  be  found  on  pp.  398-430, 

Although  every  mineral  may  be  made  to  yield  data  of  more  or  less 
geological  significance,  only  those  minerals  need  be  referred  to  here  which 
enter  as  chief  ingredients  into  the  composition  of  rock-masses,  or  which 
are  of  frequent  occurrence  as  accessories,  and  special  note  may  be  taken 
of  those  of  their  characters  which  are  of  main  interest  from  a  geological 

^  Ann.  des  Mims^  1857.  Translated  ty  Hangliton,  *  Manual  of,Geology/  1866,  p.  16. 

^  In  Book  III.  Part  I.  Sect.  i.  §  4,  the  sequence  of  volcanic  rocks  is  discussed. 

^  There  is  now  an  extensive  literature  of  petrography,  and  numerous  text-books  in 
different  languages  have  been  published.  Some  of  these  deal  with  rocks  as  a  whole  ;  others 
treat  more  specially  of  their  chemical  or  mineralogical  or  microscopic  characters.  Of  general 
works  of  reference  which  deal  with  all  sides  of  the  subject,  by  far  the  most  important  is  the 
‘Lehrbuch  der  Petrographie,’  by  Professor  Zirkel  of  Leipzig,  the  second  edition  of  which  has 
appeared  in  three  massive  volumes.  The  following  list  comprises  some  of  the  more  historic¬ 
ally  interesting  or  generally  useful  treatises: — Pinkerton,  ‘Petrology,’  London,  1811.  J. 
Maccnlloch,  ‘A  Geological  Classification  of  Rocks,  &c.,’  London,  1821.  K.  von  Leonard, 

‘ Characteristik  der  Felsarten,’  1823.  B.  von  Cotta,  ‘Rocks  Classified  and  Described,’ 
translated  by  Lawi'ence,  London,  1866.  Senft,  ‘Classification  der  Felsarten,’  Breslau, 
1857;  ‘Die  Krystallinischen  Felsgeinengtheile,’  Berlin,  1868.  Kenngott,  ‘Elemente  der 
Petrographie,’  Leipz.  1868.  A.  von  Lasaulx,  ‘Elemente  der  Petrographie,’  Bonn,  1875. 
E.  Rutley,  ‘The  Study  of  Rocks,’  London,  1879.  E,  Jannettez,  ‘Les  Roches,’  Paris,  1884. 
E.  Hussak,  ‘Anleitung  der  Gesteinbildehden  Mineralien,’  Leipzig,  1885,  A.  Barker, 
‘Petrology  for  Students,’  2nd  edit.,  Cambridge,  1897.  D.  Gonzalo  Moragas,  ‘Genesis  de  las 
Eocas,’  Madrid,  1898.  Works  treating  more  particularly  of  the  chemical  side  of  petro¬ 
graphy  are  cited  on  pp.  116-119  ;  those  dealing  in  detail  with  the  microscopic  character  of 
rocks  at  pp.  119,  140-157  ;  those  devoted  to  nomenclature  and  classification  at  pp.  157, 
195-203. 
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point  of  view,  such  as  their  modes  of  occurrence  in  relation  to  the 
genesis  of  rocks,  and  their  weathering  as  indicative  of  the  nature  of  rock- 
decomposition. 

Minerals,  as  constituents  of  rocks,  occur  in  four  conditions,  according 
to  the  circumstances  under  which  they  have  been  produced. 

(1.)  Crystalline,  as  (a)  more  or  less  regularly  defined  crystals,  which, 
exhibiting  the  outlines  proper  to  the  mineral  to  which  they  belong,  are 
said  to  be  icliomorjpliic  or  automorpMc ;  (b)  amorphous  granules,  aggrega¬ 
tions  or  crystalloids,  having  an  internal  crystalline  structure,  in  most 
cases  easily  recognisable  with  polarised  light,  as  in  the  quartz  of  granite, 
and  an  external  form  which  has  been  determined  by  contact  with  the 
adjacent  mineral  particles ;  such  crystalline  bodies  which  do  not  exhibit 
their  proper  crystalline  outlines  are  said  to  be  allotriomor^Mc  or  xeno- 
morphic ;  (c)  “  crystallites  or  “  microlites,^’  incipient  forms  of  crystallisa¬ 
tion,  which  are  described  on  p.  148.  The  crystalline  condition  may  arise 
from  igneous  fusion,  aqueous  solution,  or  sublimation.^ 

(2.)  Glassy  or  vitreous,  as  a  natural  glass,  usually  including  either 
crystals  or  crystallites,  or  both.  Minerals  have  assumed  this  condition 
from  a  state  of  fusion,  also  from  solution.  The  glass  may  consist  of 
several  minerals  fused  into  one  homogeneous  substance.  Where  it  has 
assumed  a  lithoid  or  stony  structure,  these  component  minerals  crystallise 
out  of  the  glassy  magma,  and  may  be  recognised  in  various  stages  of 
growth  (postea,  pp.  141-157). 

(3.)  Colloid,  as  a  jelly-like  though  stony  substance,  deposited  from 
aqueous  solution.  The  most  abundant  mineral  in  nature  which  takes 
the  colloid  form  is  silica.  Opal  is  a  hardened  colloidal  condition  of  this 
substance.  Chalcedony,  doubtless  originally  colloidal  silica,  now  unites 
the  characters  of  quartz  and  opal,  being  only  partially  soluble  in  caustic 
potash  and  partially  converted  into  a  finely  fibrous,  <  doubly -refracting 
substance. 

(4.)  Amorphous,  having  no  crystalline  structure  or  form,  and  occurring 
in  indefinite  masses,  granules,  streaks,  tufts,  stainings,  or  other  irregular 
modes  of  occurrence. 

A  mineral  which  has  replaced  another  and  has  assumed  the  external 
form  of  the  mineral  so  replaced,  is  termed  a  Fseudomorph.  A  mineral 
which  encloses  another  has  been  called  a  Perimorph;  one  enclosed  within 
another,  an  Endomorph, 

Essential  or  accessory,  original  or  secondary  minerals. — A  mineral  is  an 
essential  ingredient  when  its  absence  would  so  alter  the  character  of  a 
rock  as  to  make  it  something  materially  different.  The  quartz  of  granite, 
for  example,  is  an  essential  constituent  of  that  rock,  the  removal  of  which 
would  alter  the  petrographical  species.  A  mineral  is  said  to  be  accessory 
when  its  absence  would  not  change  the  essential  character  of  the  rock. 
All  essential  minerals  are  original  constituents  of  a  rock,  but  all  the 
original  constituents  are  not  essential.  In  granite,  such  minerals  as 
topaz,  beryl,  and  sphene  often  occur  under  circumstances  which  show 
that  they  crystallised  out  of  the  original  magma  of  the  rock.  But  they 
^  For  the  microscopic  characters  of  minerals  and  rocks,  see  p.  140. 
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form  so  triflings  propoi'fcioii  in  tho  "totcil  mass,  and  their  absence  would 
so  little  affect  the  general  character  of  that  mass,  that  they  are  regarded 
as  accessory,  though  undoubtedly  original  and  often  important  ingredients^ 
Again,  in  “rocks  of  eruptive  origin,  the  essential  ingredients  cannot  be 
traced  back  further  than  the  eruption  of  the  mass  containing  them.  They 
are  not  only  original,  as  constituents  of  the  lava,  but  are  themselves 
original  and  non-derivative  minerals,  produced  directly  from  the  crystal¬ 
lisation  of  molten  minerals  ejected  from  beneath  the  earth’s  crust, 
though,  as  M.  Michel-L6vy  has  shown,  the  debris  of  older  mincrak  may 
sometimes  be  traced  amidst  the  later  crystals  of  massive  rocks.-  In 
rocks  of  aqueous  origin,  however,  there  are  many,  such  as  conglomerates 
and  sandstones,  where  the  component  minerals,  though  original  ingredients 
of  the  rocks,  are  evidently  of  derivative  origin.  The  little  (luartz-granules 
of  a  sandstone,  for  example,  have  formed  part  of  the  rock  ever  since  it 
was  accumulated,  and  are  its  essential  constituents.  Yet  each  of  these 
once  formed  part  of  some  older  rock,  the  destruction  of  which  yielded 
materials  for  the  pi^’^^duction  of  the  sandstone.  Again,  the  minute 
crystals  of  zircon,  rutile,  tourmaline,  magnetite  and  other  heavy  minerals 
so  often  found  in  sands,  clays,  sandstones,  shales  and  other  sedimentary 
deposits,  have  been  derived  from  the  degradation  of  older  crystalline 
rocks. 

The  same  mineral  may  occur  both  as  an  original  and  as  a  secondary 
constituent.  Quartz,  for  example,  appears  everywhere  in  both  conditions; 
indeed,  it  may  sometimes  be  found  in  a  twofold  form  even  in  the  same 
rock,  though  there  is  then  usually  some  difference  between  the  original 
and  secondary  quartz.  A  quartz-felsite,  for  instance,  abounds  in  original 
little  kernels,  or  in  double  pyramids  of  the  mineral,  often  enclosing  fluid 
cavities,  while  the  secondary  or  accidental  forms  usually  occur  in  veins, 
reticulations,  or  other  irregular  aggregates.  In  some  cases,  however,  as, 
for  example,  in  sandstones,  the  secondary  quartz  has  been  deposited  in 
optical  continuity  with  that  of  the  original  grains,  so  as  to  build  up  new 
faces  and  terminations  (p.  166). 

Accessory  minerals  frequently  occur  in  cavities  where  they  have 
had  some  room  to  crystallise  out  from  the  general  mass.  The  “  drusy 
cavities,  or  open  spaces  lined  with  well-developed  crystals,  found  in  some 
granites  are  good  examples,  for  it  is  there  that  the  non-essential  minerals 
are  chiefly  to  be  recognised.  The  veins  of  segregation  found  in  many 
crystalline  rocks,  particularly  in  those  of  the  granite  scries,  are  further 

^  Some  of  the  “accessory”  minerals  may  be  of  great  importance  as  imlicative  of  the 
conditions  under  which  the  rock  was  formed.  It  is  not  always  possible  to  discriminate 
between  essential  and  accessory  ingredfents  in  rocks,  while  some  minerals  once  thought  to 
be  secondary  have  been  ascertained  to  original  constituents. 

-  Btdl.  S,  G.  F.  3rd  ser.  iii.  199.  See  also  Foiiqiic  and  Michel -Levy,  ‘Minera- 
logie  Micrographiqne,’  p.  189.  Some  eruptive  rocks  abound  in  corroded  or  somewhat 
rounded  or  broken  crystals  which  obviously  have  belonged  to  some  previous  state  of  con¬ 
solidation.  Such  crystals,  which  are  obviously  more  ancient  than  those  forming  the  general 
mass  of  the  rock,  have  been  called  allogenic,  while  those  which  belong  to  the  time  of  formation 
of  the  rock,  or  to  some  subsequent  change  within  the  rock,  are  known  as  autkigenk. 
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illustrations  of  the  original  separation  of  mineral  ingredients  from  the 
general  magma  of  a  rock  (see  p.  205). 

In  some  cases  minerals  assume  a  concretionary  shape,  which  may  he 
observed  chiefly  though  not  entirely  in  rocks  fornled  in  water.  Some 
minerals  are  particularly  prone  to  occur  in  concretions  (p.  135).  Siderite 
(ferrous  carbonate)  is  to  be  found  in  abundant  nodules,  mixed  with  clay 
and  organic  matter  among  consolidated  muddy  deposits  (p.  187).  Calcite 
(calcium-carbonate)  is  likewise  abundantly  concretionary  (pp.  176,  190). 
Silica,  as  chert  and  flint,  appears  in  calcareous  formations  in  irregular 
concretions,  derived  mainly  from  the  remains  of  marine  organisms  (pp.  179, 
625).  Phosphatic  and  glauconitic  concretions  are  also  common  (pp. 
180,  181,  626,  627). 

Secondary  minerals  have  been  developed  as  the  result  of  subsequent 
changes  in  rocks,  and  are  almost  invariably  due  to  the  chemical  action  of 
percolating  water,  either  from  above  or  from  below.  Occurring  under 
circumstances  in  which  such  water  could  act  with  effect,  they  are  found 
in  cracks,  joints,  fissures  and  other  divisional  planes  and  cavities  of  rocks, 
especially  in  the  minute  interspaces  between  the  component  grains  or 
minerals.  Subterranean  channels,  frequently  several  feet  or  even 
yards  wide,  have  been  gradually  filled  up  by  the  deposit  of  mineral 
matter  on  their  sides  (see  the  Section  on  Mineral  Veins).  The  cavities 
formed  by  expanding  steam  in  ancient  lavas  (amygdaloids)  have  offered 
abundant  opportunities  for  deposits  of  this  kind,  and  have  accordingly 
been  in  large  measure  occupied  by  secondary  minerals  (amygdales),  as 
calcite,  chalcedony,  quartz  and  zeolites. 

In  the  following  list  of  the  more  important  rock-forming  minerals, 
attention  is  drawn  mainly  to  those  of  their  features  that  possess  geological 
importance  ;  the  physical,  chemical  and  microscopic  characters  of  these 
minerals  will  be  found  in  a  text-book  of  mineralogy  or  petrography. 
Reference  is  therefore  made  hero  to  features  of  more  particular  signifi¬ 
cance  to  the  geologist,  such  as  modes  of  occurrence,  whether  original 
or  secondary ;  modes  of  origin,  whether  igneous,  aqueous,  or  organic ; 
pseudomorphs,  that  is,  the  various  minerals  which  any  given  mineral  has 
replaced,  while  retaining  their  external  forms,  and  likewise  those  which 
are  found  to  have  supplanted  the  mineral  in  question  while  in  the  same 
way  retaining  its  form — a  valuable  clue  to  the  internal  chemical  changes 
which  rocks  undergo  from  the  action  of  percolating  water  (Book  III. 
Part  II.  Sect.  ii.  §§  1  and  2) ;  and  lastly,  characteristics  or  peculiarities 
of  weathering,  where  any  such  exist  that  deserve  special  mention. 

1.  Native  elements  are  comparatively  of  rare  occurrence,  and  only  two  of  them, 
Carbon  and  Sulphur,  occasionally  play  the  part  of  noteworthy  essential  and  accessory 
constituents  of  rocks.  A  few  of  the  native  metals,  more  especially  copper  and  gold,  now 
and  then  appear  in  sufficient  quantity  to  constitute  commercially  important  ingredients 
of  veins  and  rock-masses. 

Carbon  occurs  uncombined  in  two  forms — the  Diamond  and  Graphite. 

Diamond. — This  gem  is  of  much  geological  interest  in  regard  to  its  origin  and  its 
bearing  upon  the  history  of  the  carbon  in  the  earth’s  crust.  It  has  chiefly  been  obtained 
from  alluvial  deposits  derived  from  the  degradation  of  various  crystalline  rocks,  but  is 
now  found  in  the  matrix  of  certain  volcanic  agglomerates  in  South  Africa,  where,  however. 
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it  occurs  as  one  of  the  constituents  derived  from  the  explosion  of  igneous -mate rial 
at  some  depth  beneath  the  surface.  Recently  the  mineral  has  been  detected  by  I  rofessor 
Bonney  in  an  eclogite  fragment  from  the  agglomerate,  which  is  thus  found  to  he  here  its 
parent-rockd  By  a  series  of  carefully  devised  experiments,  M.  Moissan  has  succeeded  in 
producing  small  diamonds  artificiaMy  by  fusing  iron  rich  in  carbon  under  pressure, 
and  allowing  it  to  cool,  when  the  excess  of  carbon  separated  in  minute  clear  crystals. 
Subsequently  Dr.  I’i4edlander  fused  a  piece  of  olivine  in  a  gas  blow-pipe  and  stirred  it 
with  a  little  rod  of  graphite.  After  solidification  the  silicate  was  found  to  contain  a 
great  many  microscopic  crystals  which,  from  their  octahedral  and  tetrahedral  forms,  and 
their  characteristic  behaviour  with  reagents,  he  concluded  to  be  diamond.*^ 

Graphite  occurs  crystallised  in  small  hexagonal  jdates,  more  frequently  in  foliated 
lumps  and  bands,  or  in  compact  aggregates  (graphitite),  or  in  dull  massive  and  even 
earthy  vaiieties  (granitoid).  It  is  found  in  ancient  crystalline  rocks,  as  gneiss,  mica- 
schist,  granite,  &cl  ;  some  of  the  Laur’entian  limestones  of  Canada  being  so  full  of  the 
diffused  mineral  as  to  be  profitably  worked  for  it.  In  some  instances  coal  and  coal-plants 
have  been  observed  changed  into  graphite  by  intrusive  igneous  rocks  (granite,  gneiss, 
basalt),  as  in  the  Carboniferous  rocks  of  the  eastern  and  central  Alps,  and  in  the  coal-field 
of  Ayrshire*  Among  ancient  crystalline,  especially  eruptive,  rocks  and  in  meteorites,  its 
presence  may  be  due  to  the  decomposition  of  metallic  carbides.  Graphite  may  fre¬ 
quently  be  ubserved  as  a  kind  of  black  dust  aggregated  in  the  centre  of  minerals  that 
have  been  developed  in  a  sedimentary  rock  (shale,  slate,  &c.)  by  contact  metamorphism, 
as  in  andalusite  and  chiastolite,  and  sometimes  in  quartz  and  garnet.  Occasionally  it 
occurs  as  a  pseudomorph  after  calcite  and  pyrites,  and  sometimes  encloses  sphene  and 
other  minerals.^ 

Sulphur  occurs  in  a  native  state,  1st,  as  a  product  of  volcanic  action  in  the  vents  and 
^fissures  of  active  and  dormant  cones.  Volcanic  sulphur  is  formed  from  the  oxidation  of 
the  sulphuretted  hydrogen,  so  copiously  emitted  with  the  steam  that  issues  from  volcanic 
vents,  as  at  the  typical  Solfatara,  near  Naples.  It  may  also  be  produced  by  the  mutual 
decomposition  of  the  same  gas  and  anhydrous  sulphuric  acid.  2nd,  in  beds  and  layers, 
or  diffused  particles,  resulting  from  the  alteration  of  previous  minerals,  particularly 
sulphates ;  3rd,  in  some  mineral  springs  through  the  decomposition  of  the  sulphuretted 
hydrogen  in  the  thermal  water.  When  formed  at  high  temperatures,  as  in  solfataras, 
this  mineral  probably  crystallises  at  first  in  monoclinic  forms,  but  these  are  unstable  and 
subsequently  pass  into  the  usual  orthorhombic  forms  in  which  natural  sulphur  is  found. 
These  natural  crystals  melt  at  a  temperature  not  much  above  that  of  boiling  water 
(238T°  Fahr.).  The  formation  of  sulphur  may  be  observed  in  progress  at  many 
sulphureous  springs,  where  it  falls  to  the  bottom  as  a  pale  mud  through  the  oxidation  of 
the  sulphuretted  hydrogen  in  the  water.  The  mineral  occurs  in  Sicily,  Spain  and  else¬ 
where,  in  beds  of  bituminous  limestone  and  gypsum.  These  strata,  sometimes  full  of 
remains  of  fresh-water  shells  and  plants,  are  interlaminated  with  sulphur,  the  very  shells 
being  not  infrequently  replaced  by  it.  Here  the  presence  of  the  sulphur  may  be  traced 

^  See  M.  Chaper,  ‘Sur  la  Region  diamantif4re  de  I’Afrique  australe,'  Paris,  1880; 
L.  De  Launay,  ‘Les  Diamants  du  Cap,’  Paris,  1897  ;  Max  Bauer,  ‘Edelsteinkunde,’  Leipzig, 
1896  ;  H.  Carvill  Lewis,  ‘Papers  and  Notes  on  the  Genesis  and  Matrix  of  the  Diamond,’ 
London,  1897  ;  Professor  Bonney,  Geol  Mag.  1895,  p.  492  ;  1897,  pp.  448,  497  ;  1899, 
p.  309;  1900,  p.  246;  and  Proc.  Roy.  Soc.  Ixv.  (1899),  p.  223;  Ixvii.  (1900),  p.  475; 
0.  A.  Derby,  “Brazilian  Evidence  on  the  Genesis  of  the  Diamond,”  Jo^irn.  Geol.  vi.  p.  121. 

^  Geol.  Mag.  1898,  p.  226. 

^  Vom  Rath,  Sitzungsb.  Wkn.  AMd.  x.  p.  67  ;  Sullivan  in  Jukes’  ‘  Manual  of  Geology,’ 
3rd  edit.  (1872),  p.  72  ;  E.  Weinscheuk,  Alhandl.  Akad.  Munich,  ii.  cl.  xix  2^®  Abth.  (1897). 
Op,  l900.  Comptes  rendus  du  Congrh  Giol.  Internal.  RariSy  1901,^  i.  p.  447  ; 
Zeitsch.  pmkt,  Geol.  1900,  pp.  36,  174  (see  also  postea,  p.  186,  and  Book  III.  Part  I. 
Sect,  i  §  2). 
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to  the  reduction  of  the  calcium-sulphate  to  the  state  of  sulphide,  through  the  action  of 
the  decomposing  organic  matter,  and  the  suhseq^uent  production  and  decomposition  of 
sulphuretted  hydrogen,  with  consequent  liberation  of  sulphur.^  The  sulphur  deposits  of 
Sicily  furnish  an  excellent  illustration  of  the  alternate  deposit  of  sulphur  and  limestone. 
They  consist  mainly  of  a  marly  limestone,  through  which  the  sulphur  is  partly  dis¬ 
seminated  and  partly  interstra tilled  in  thin  laminm  and  thicker  layers,  some  of  wdiich  are 
occasionally  28  feet  deep.  Below  these  deposits  lie  older  Tertiary  gypseous  formations, 
the  decomposition  of  which  has  probably  produced  the  deposits  ,of  sulphur  in  the 
overlying  more  recent  lake  basins.-  The  weathering  of  sulphur  is  exemplified  on  a 
considerable  scale  at  these  Sicilian  deposits.  The  mineral,  in  presence  of  limestone, 
oxygen  and  moisture,  becomes  sulphuric  acid,  which,  combining  with  the  limestone, 
forms  gypsum,  a  curious  return  to  what  was  probably  the  original  substance  from  the 
decomposition  of  which  the  sulphur  was  derived.  Hence  the  site  of  the  outcrop  of  the 
sulphur  beds  is  marked  at  the  surface  by  a  w^hite  earthy  rock,  or  “borscale/’  which  is 
regarded  by  the  miners  in  Sicily  to  be  a  sure  indication  of  sulphur  underneath,  as  the 
“gossan  ”  of  Cornwall  is  indicative  of  underlying  metalliferous  veins.® 

Iron,  the  most  important  of  all  the  metals,  is  chiefly  found  native  in  blouks  which  have 
fallen  as  meteorites,  also  in  grains  or  dust  enclosed  in  hailstones,  in  snow  of  the  Alps, 
Sweden  and  Siberia,  and  in  the  mud  of  the  ocean  floor  at  remote  distances  from  lancl. 
There  can  he  no  doubt  that  a  small  but  constant  supply  of  native  iron  (oosmic  dust) 
falling  upon  the  earth’s  surface  from  outside  the  terrestrial  atmosphere.'^  This  iron  is 
alloyed  with  nickel,  and  contains  small  quantities  of  cobalt,  copper  and  other  ingredients. 

There  can  he  no  doubt,  however,  that  native  iron  occurs  as  a  terrestrial  mineral,  though 
somewhat  rarely  found.  Half  a  century  ago  (1852),  Hr.  Andrews  showed  that  native 
iron,  in  minute  spicules  or  granules,  exists  in  some  basalts  and  other  volcanic  rocks,® 
and  Mr.  J.  Y.  Buchanan  has  detected  it  in  appreciable  quantity  in  the  gabhro  of  the 
west  of  Scotland.  It  occurs  also  in  the  basalts  of  Bohemia  and  Greenland.^'  It  has 

^  Braun,  Bull.  S.  O.  F.,  1^^  ser.  xii.  p.  171. 

^  Mem.  Real.  Comit.  Geol.  (V Italia,  i.  (1871). 

®  JoxLTri.  Bog.  Arts,  1873,  p.  170.  E.  Ledoux,  Ami.  des  Mines,  7'^^  stir.  vii.  p.  1.  The 
Sicilian  sulphur  l)eds  belong  to  the  Oeiiingen  stage  of  the  Upper  Tertiary  deposits.  They 
contain  numerous  plants  and  some  insects.  H.  T.  Geyler,  PalmmtograpMca,  xxiii.  Lief.  9, 
p.  317.  Yon  Lasaulx,  Feues  Jahrh.  1879,  p.  490.  A.  Stella,  B^dl.  Soc.  Geol.  Ital.  xix. 
(1900),  p.  694.  It  may  he  added  that  sulphur  is  sometimes  found  associated  with  orpiment, 
realgar  and  many  other  minerals  as  a  result  of  the  spontaneous  ignition  of  coal-seams. 
Lacroix,  ‘Mineralogie  de  la  France,’  tome  ii.  p.  368. 

^  See  Ehrenberg,  Frorieps  Notizen,  Feb.  1846.  Nordenskiold,  CompAes  rendus,  Ixxvii. 
p.  463,  Ixxviii.  p.  236.  Tissandier,  op.  cit.  Ixxviii.  p.  821,  Ixxx.  p.  58,  Ixxxi.  p.  576.  See 
Ixxv.  (1872),  p.  683.  Yung,  Bull.  Soc.  Vaudoise  ScL  Nat.  (1876),  xiv.  p.  493.  Ranyard. 
Monthly  Not  Roy.  Astron.  Soc.  xxxix.  (1879),  p.  161.  T.  L.  Phipson,  Comptes  rend.  Ixxxiii. 
p.  364.  A  Committee  of  the  British  Association  was  appointed  in  1880  to  investigate  the 
subject  of  cosmic  dust.  (See  its  reports  for  1881-83.)  Murray  and  Renard,  Rroc.  Roy. 
Soc.  Edin.  1884.  Report  of  Challenger  ExpedUioji,  “Deep  Sea  Deposits,”  and  “Narrative 
of  the  Cruise  of  H.M.S.  Challenger F  ii.  p.  809  (1885).  This  cosmic  dust  is  further  referred 
to,  postea,  p.  584.  ®  Brit.  Assoc.  Rep.  1852,  postea,  p.  457. 

®  Nordenskiold  described  fifteen  blocks  of  iron  on  the  island  of  Disco,  Greenland,  the 
weight  of  the  two  largest  being  21,000  and  8000  kilogrammes  (20  and  8  tons,  respectively). 
He  observed  that  at  the  same  locality,  the  underlying  basalt  contains  lenticular  and  disc-shaped 
blocks  of  precisely  similar  iron,  and  he  inferred  that  the  whole  of  the  blocks  may  belong  to  a 
meteoric  shower  which  fell  during  the  time  (Tertiary)  when  the  basalt  was  poured  out  at  the 
surface.  He  dismissed  the  suggestion  that  the  iron  could  possibly  be  of  telluric  origin  {Geol. 
Mag.  ix,  187^,  p.  462  ;  Compt.  rend.  1893,  p.  677).  But  the  microscope  reveals  in  this  basalt 
the  presence  of  minute  particles  of  native  iron  which,  associated  with  viridite,  are  moulded 
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likewise  been  found  without  any  alloy  of  nickel  among  tlie  Carboniferous  sandstones  and 
sbales  of  Missouri.^ 

2.  Oxides,  A  few  of  tlie  oxides  occur  by  themselves  as  essential  constituents  or 
frequent  ingredients  of  rocks.  Especially  is  this  the  case  with  the  oxides  of  silicon  and 
iron.  The  great  majority  of  the  oxides,  however,  form  compounds  with  some  acid. 

Silica  (Si02)  is  found  in  three  chief  forms,  Quartz,  Tridymite,  and  Opal. 
y  Quartz  is  abundant  as  (1)  an  original  and  essential  constituent  of  many  eruptive 
rooks  (granite,  rhyolite  or  quartz-trachyte,  and  quartz-porphyry)  ;  of  many  inetamorphic 
rocks  (gneiss,  mica-schist,  quartzite)  and  of  a  large  number  of  derivative  or  sedimentary 
rocks  (sandstone,  conglomerate,  greywacke)  ;  (2)  a  secondary  ingredient,  wholly  or 
partially  filling  veins,  joints,  cracks,  and  cavities.  It  has  been  produced  from  (a) 
igneous  action,  as  in  many  volcanic  rocks  ;  (&)  aquo-igueous,  or  metamorphic  action,  as  in 
gneisses,  &c.;  (c)  solution  in  water,  as  wdiere  it  lines  cavities  or  replaces  other  minerals. 
As  silica  is  held  in  solution  sometimes  in  notable  quantity  in  hot  water,  it  commonly 
occurs  in  thermal  springs,  and  it  has  thus  been  abundantly  introduced  into  the  pores, 
cavities  and  fissures  of  rocks.  This  last  mode  of  formation  is  that  of  the  crystallised 
quartz  and  chalcedony  so  often  found  as  secondary  ingredients. 

The  study  of  the  endomorphs  and  pseudomorphs  of  quartz  is  of  great  importance  in 
the  investigation  of  the  history  of  rocks.  ISTo  mineral  is  so  conspicuous  for  the  variety 
of  other  minerals  enclosed  within  it.  In  some  secondary  quartz-crystals,  each  prism 
forms  a  small  mineralogical  cabinet  enclosing  a  dozen  or  more  distinct  minerals,  as  rutile, 
haematite,  limonite,  pyrites,  chlorite,  and  many  others.*-^  Quartz  may  he  observed 
replacing  calcite,  aragonite,  siderite,  gypsum,  rock-salt,  haematite,  &c.  This  facility  of 
replacement  makes  silica  one  of  the  most  valuable  petrifying  agents  in  nature.  Organic 
bodies  Vvliich  have  been  silicified  retain,  often  with  the  utmost  perfection,  their  minutest 
and  most  delicate  structures. 

Quartz  may  usually  be  identified  by  its  external  characters,  and  especially  by  its 
vitreous  lustre  and  hardness.  When  in  the  form  of  minute  blebs  or  crystals,  it  may  he 
recognised  in  many  rocks  with  a  good  lens.  Under  the  microscope,  it  presents  a 
characteristic  brilliant  chromatic  polarisation,  and  in  convergent  light  gives  a  black 
cross.  Where  it  is  an  original  and  essential  constituent  of  a  rock,  quartz  very  commonly 
contains  minute  rounded  or  irregular  cavities  or  pores,  partially  filled  with  liquid 
{posted,  p.  143).  So  minute  are  these  cavities  that  a  thbtisand  millions  of  them  ma}^, 
when  they  are  closely  aggregated,  lie  within  a  cubic  inch.  The  liquid  is  chiefly  water, 
not  uncommonly  containing  sodium  chloride  or  other  salt,  sometimes  liquid  carbon- 
dioxide  and  hydrocarbons.^ 

round  the  crystals  of  labradorite  and  augite  (Fouque  and  Michel-Levy,  ‘  Mineral.  Micrograph.’ 
p.  443).  Steenstrup,  Daiibree,  and  others  appear  therefore  to  be  justified  in  regarding  this 
iron  as  derived  from  an  inner ,  portion  of  the  globe,  which  lies  at  depths  inaccessible  to  our 
observations,  but  from  which  the  vast  G-reenland  basalt  eruptions  have  brought  up  traces  to 
the  surface  (K.  J.  T.  Steeustrup,  Vul.  Mecld.  jyat.  Foren.  Copenhagen  (1875),  No.  16-19, 
p.  284  ;  GeoL  Foren.  Stockholm  Fbrhandk  xiv.  (1892),  i\  312  ;  Z.  I).  O.  G.  xxviii.  (1876), 
p.  225  ;  Mmeralog,  Mag.  July  1884.  F.  Wohler,  Neues  Jahrh.  1879,  p.  832.  Daubr6e, 
Discoim  Acad.  Sci.  1  March  1880,  p.  17.  W.  Flight,  QeoL  Mag.  ii.  (2nd  ser.),  p.  152. 
Winkler,  Ofversigt.  K.  Vet.  Akad.  Fdrhandl.,  Stockholm,  1901,  No.  7,  pp.  495,  505.  See 
ali^the  papers  already  cited  on  p.  16. 

/  E.  T.  Allen,  Journ.  Sci.  iv.  (1897),  p.  99. 

^  See  Sullivan,  in  Jukes’  ‘Manual  of  Geology,’  3rd  edit.  (1872),  p.  61. 

^  Sea  Brewster,  Trans.  Foy.  Soc.  Fjdin.  x.  p.  1.^  Sorby,  (^mrt.  Journ.  Oeol.  Soc.  xiv. 
p.  453.  Proc.  Foy.  Soc.  xv.,  p.  153;  xvii.  p.  299.  %rkel,  ‘  Mikroskopische  Beschaffeplieit 
tier  Mineralieii  uiid  Gesteirie,  ’  p.  39.  Kosenbusch,  ‘  Mikroskopische  Physiographie,  ’  L  pi  #(>. 
Hartley,  Jhwm.  Ohem.  February  1876.  The  occurrence  of  fluid-cavities  in  the  crystals 
of  rocks  is  more  fully  described  at  p.  143. 
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Rook -crystal  and  crystalline  quartz  resist  atmospheric  weathering  with  great 
persistence.  Hence  the  quartz-grains  may  usually  be  easily  discovered  in  the  \veathei*ed 
crust  of  a  quartziferons  igneous  rock.  But  corroded  quartz-crystals  have  been  observed 
in  exposed  moimtainou-s  situations,  with  their  edges  rounded  and  eaten  awayd 

Certain  compact,  opac^ue  or  translucent  siliceous  minerals,  such  as  chalcedony,  flint 
and  jasper,  have  generally  been  regarded  as  non-crystalline  and  more  or  less  impure  forms 
of  quartz.  Recent  researches,  with  the  use  of  thin  slices  of  the  minerals  and  the 
microscope,  have  shown,  however,  that  they  are  in  large  part  formed  of  fibrous  crystalline 
silica  mingled  with  a  variable  proportion  of  opal.  They  appear  to  be  generally  if  not 
always  the  results  of  deposition  from  water,  and  are  to  be  regarded  as  secondary  products. 
They  occur  in  threads  and  veins  traversing  eruptive  metaniorphic  and  sedimentary 
rocks,  and  sometimes  as  a  matrix  in  which  the  grains  of  a  rock  are  enclosed.  Some  of 
them  are  also  found  as  concretions  and  irregular  lumps,  like  the  hints  of  the  Chalk 
{postea,  p.  179).  This  group  of  siliceous  minerals  is  more  easily  affected  by  processes  of 
decay  than  quartz.  Flint  and  many  forms  of  coloured  chalcedony  weather  with  a  white 
crust.  But  it  is  chiefly  from  the  weathering  of  .silicates  (especially  through  the  action 
of  organic  acids)  that  the  soluble  silica  of  natural  waters  is  derived.  (Book  III.  Part  II. 
Sect.  hi.  §  1). 

Tridymite  has  been  met  witli  chiefly  among  volcanic  rocks  (trachytes,  andesites,  &c.) 
both  as  an  abundant  constituent  of  those  which  have  been  poured  out  in  the  form  of  lava, 
and  also  in  ejected  blocks  (Vesuvius).- 

Opal,  a  hydrous  condition  of  silica  formed  from  solution  in  water,  is  usually  dis¬ 
seminated  in  veins  and  nests  through  rocks.  Semi-opal  occasionally  replaces  the  original 
substance  of  fossil  wood  (wood-opal).  Several  forms  of  opal  are  deposited  by  geysers,  and 
are  known  under  the  general  appellation  of  Sinters.  Closely  allied  to  the  opals  are  the 
forms  in  which  hydrous  (soluble)  silica  appears  in  the  organic  world,  where  it  constitutes 
the  frustules  of  diatoms,  the  skeletons  of  radiolaria,  &c.  Tripoli  powder  (Ivieselguhr), 
randanite,  and  other  similar  earths,  are  composed  mainly  or  wholly  of  the  remains  of 
diatoms,  &c. 

Corundum,  aluminium-oxide,  is  found  as  the  gems  Sapphire  and  Ruby,  more  commonly 
in  colourless,  blue,  brown,  or  red  forms  known  as  Corundum,  and  sometimes  in  the  dull, 
finely  granular  variety  called  Emery.  It  is  not  an  essential  constituent  of  rocks,  but  it 
presents  itself  commonly  associated  with  spinel,  rutile  and  sillimanite  in  eruptive  rocks, 
especially  granites,  lamprophyres  and  peridotites,  in  crystalline  schists,  and  in  rocks 
altered  by  contact  with  granite,  such  as  limestones  and  dolomites.  In  the  eruptive 
rocks  it  appears  sometimes  to  have  separated  out  of  an  original  magma  containing 
sufficient  alumina,  hut  soinotimes  to  have  been  supplied  from  clay-rock,  fragments  of 
which  may  have  been  carried  up  in  a  magma  deficient  in  alumina.  Of  the  latter 
condition  an  example  has  been  cited  from  Yogo  Gulch,  Montana,  where  a  dark  basic 
lamprophyre,  consisting  mainly  of  biotite  and  pyroxene,  contains  well -crystallised 
Sapphires.  In  zones  of  contact  metamorphism  it  has  been  developed  in  aluminous  rocks 
by  the  action  of  the  intrusive  material^  (Book  IV.  Part  VIII.  Sects,  ii.  and  iii.). 

^  Roth,  Chem,  Ge&L  i.  p.  94.  Vom  Rath,  Z.  D.  Q.  G.  xxv.  p.  236,  1873. 

^  On  the  occurrence  and  origin  of  corundum,  consult  T.  M.  Chatard,  JJulL  U.  S.  G.  S.  No. 
42  (1887),  pp.  45-54  ;  F.  P.  King,  ‘^The  Corundum  Deposits  of  Georgia,”  JJidl.  GeoL  Surv. 
Georgia,  No.  2.  (1894)  ;  Lagorio,  Zeitsch.  Kryst.,  xxiv.  (1895),  p.  285  ;  Morozewicz, 
Zeiisch.  Mryst.  Xxiv.  (1895),  p.  280  ;  Tschermak's  Mittheil.  xviif.  (1898),  pp.  1-105  ; 

Mineral  Resources  of  United  States, 'h  in  17th  Ann.  Rep.  U.  S.  (L  S.  (1896);  Miller, 
Report  of  Bureau  of  Mwies,  Ontario,  1899,  pp.  205,  250  ;  Pirsson,  'jiOih  Ann.  qV. 

O,  B.  (1900),  p.  552 ;  Busz,  GeoL  Mag.  1896,  p.  492  ;  J,,  J.  H.  Teall,  Summary  of  Rmgrm 
GmL  Survey  of  United  Kingdom,  1898,  p.  87  ;  Coomdra  Swamy,  Q.  J.  G.  S.  Ivii.  (1901),  p. 
185  ;  J.H.  Pratt,  Amer.  Jour.  Sci.  vi.  (1898),  p.  49,  vii.  (1899),  p.  281,  viii.  (X899),  p. 
227 ;  ‘  Manual  of  Geology  of  India,'  2nd  edit.  Part  I.  Corundum,  by  T.  H.  Holland,  1898. 
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Iron  Oxides. — Four  minerals,  composed  mainly  of  iron  oxides,  occur  abundantly 
as  essential  and  accessory  ingredients  of  rocks :  Hematite,  Limonite,  Magnetite,  and 

/itanic  iron. 

Haematite  (Fer  oligiste,  Rotheisenerz,  Eisenglanz,  Fe2O3  =  Fe70,  030)  in  the  crystal¬ 
lised  form  occurs  in  veins,  as  well  as  lining  cavities  and  fissures  of  rocks.  The  fibrous 
and  more  common  form  (which  often  has  portions  of  its  mass  passing  into  the  crystallised 
condition)  lies  likewise  in  strings  or  veins  ;  also  in  cavities,  which,  when  of  large  size, 
have  given  opportunity  for  the  deposit  of  great  masses  of  hoematite,  as  in  cavernous 
limestones  (Westmoreland).  It  occurs  with  other  ores  and  minerals  as  an  abundant 
component  of  mineral  veins,  likewise  in  beds  interstratified  with  sedimentary  or  schistose 
rocks.  Scales  and  specks  of  opaque  or  clear  bright  red  haematite,  of  frequent  occurrence 
in  the  crystals  of  rocks,  give  them  a  reddish  colour  or  peculiar  lustre  (perthite,  stilbite). 
Haematite  appears  abundantly  as  a  product  of  sublimation  in  clefts  of  volcanic  cones  and 
lava  streams,  and  it  is  found  as  an  accessory  constituent  in  some  eruptive  rocks.  But  it 
is  probably  in  most  cases  a  deposition  from  water,  resulting  from  the  alteration  of  some 
previous  soluble  combination  of  the  metal,  such  as- the  oxidation  of  the  sulphate.  It 
occurs  in  veins  and  beds,  and  as  the  earthy  pigment  that  gives  a  red  colour  to  sandstones, 
clays  and  other  rocks.  It  is  found  pseudomorphous  after  ferrous  carbonate,  and  this 
has  probably  been  the  origin  of  beds  of  red  ochre  occasionally  intercalated  among 
stratified  rocks.  It  likewise  replaces  calcite,  dolomite,  quartz,  barytes,  pyrites, 
magnetite,  rock-salt,  fl.uor-spar,  &c, 

Limonite  (Brown  iron-ore,  2Fe203-{-3Ho0  =  Fe203  85‘56,  HgO  14*44)  occurs  in  beds 
among  stratified  formations,  and  may  be  seen  in  the  course  of  deposit,  through  the  action 
of  organic  acids,  on  marsh-land  (bog-iron-ore)  and  lake-bottoms.  (Book  IV.  Part  II. 
Sect.  iii. )  In  the  form  of  yellow  ochre,  it  is  precipitated  from  the  waters  of  chalybeate 
springs  containing  green  vitriol  derived  from  the  oxidation  of  iron-sulphides.^  It  is  a 
common  decomposition  product  in  rocks  containing  iron  among  their  constituents.  It 
is  thus  always  a  secondary  or  derivative  substance,  resulting  from  chemical  alteration. 
It  is  the  usual  pigment  which  gives  tints  of  yellow,  orange  and  brown  to  rocks.  The 
pseudomorphous  forms  of  limonite  show  to  what  a  large  extent  combinations  of  iron  are 
carried  in  solution  through  rocks.  The  mineral  has  been  found  replacing  calcite,  siderite, 
dolomite,  hsematite,  magnetite,  pyrite,  marcasite,  galena,  blende,  gypsum,  barytes, 
fluor-spar,  pyroxene,  quartz,  garnet,  beryl,  &c. 

Magnetite  (Fer  oxyduld,  Magneteisen,  Fe304)  occurs  abundantly  in  some  schists,  in 
scattered  octohedral  crystals  ;  in  crystalline  massive  rocks  like  granite,  in  diffused  grains 
or  minute  crystals  ;  among  some_  schists  and  gneisses  (Norway  and  the  eastern  states  of 
North  America),  in  massive  beds ;  in  basalt  and  other  volcanic  rocks,  as  an  essential 
constituent;  in  minute  octohedral  crystals,  or  in  granules  or  crystallites.  It  is  likewise 
found  as  a  pseudomorphous  secondary  product,  resulting  from  the  alteration  of  some 
previous  mineral,  as  olivine,  hsematite,  pyrite,  quartz,  hornblende,  augite,  garnet  and 
sphene.  It  occurs  with  haematite,  &c,,  as  a  product  of  sublimation  at  volcanic  foci, 
where  chlorides  of  the  metals  in  presence  of  steam  are  resolved  into  hydrochloric  acid  and 
anhydrous  oxides.  It  may  thus  result  from  either  aqueous  or  igneous  operations.  It 
is  liable  to  weather  by  the  reducing  effects  of  decomposing  organic  matter,  whereby 
it  becomes  a  carbonate,  and  then  by  exposure  passes  into  the  hydrous  or  anhydrous 
peroxide.  The  magnetite  grains  of  basalt-rocks  are  very  generally  oxidised  at  the 
surface,  and  sometimes  even  for  some  depth  inward. 

Titanic  Iron  (Titaniferous  Iron,  Menaccanite,  Ilmenite,  Fer  titand,  Titaneisen, 
FeTiOg)  occurs  in  scattered  grains,  plates  and  crystals  as  an  abundant  constituent  of 
many  ctystalline  rocks  (basalt-rocks,  diabase,  gabbro  and  other  igneous  masses)  ;  also  in 
Veins  or  beds  in  syenite,  serpentine  and  metamorphic  rocks  ;  -  scarcely  to  be  distinguished 

1  Sullivan,  Jukes’  ‘  Manual  of  Geology,’  p.  63. 

2  Some  of  the  Canadian  masses  of  this  mineral  are  90  feet  thick  and  many  yards  in  length. 
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from  magnetite  when  seen  in  small  particles  under  the  microscope,  but  possessing  a 
brown  semi-metallic  lustre  with  reflected  light ;  resists  corrosion  by  acids  when  the 
powder  of  a  rock  containing  it  is  exposed  to  their  action,  while  magnetite  is  attacked 
and  dissolved.  Titanic  iron  frequently  resists  weathering,  so  that  its  black  glossy 
granules  project  from  a  weathered  surface  of  rock.  In  other  cases,  it  is  decomposed 
either  by  oxidation  of  its  protoxide,  when  the  usual  brown  or  yellowish  colour  of  the 
hydrous  ferric  oxide^  appears,  or  by  removal  of  the  iron.  The  latter  is  believed  to  be 
the  origin  of  a  peculiar  milky  white  opaque  substance,  frequently  to  be  observed  under 
Ihe  microscope,  surrounding  and  even  replacing  crystals  of  titanic  iron,  and  named 
Leucoxene  by  Giimbel.^  In  other  cases  the  decomposition  has  resulted  in  the  production 
of  sphene.'-^ 

Chromite  (FeCr204)  occurs  in  black  opaque  grains  and  small  octahedral  crystals, 
not  infrequently  in  altered  olivine-rocks  ;  a  valuable  mineral,  as  the  source  of  the 
chrome  pigments.  It  is  obtained  from  Maryland,  North  Carolina,  Norway,  New  South 
Wales,  &c.^ 

Spinels,  a  group  of  minerals,  may  be  taken  here.  They  are  closely  related  to  each 
other,  having  cubic  forms  and  varying  in  composition  from  magnetite  (see  above)  at  the 
one  end  to  true  spinel  (MgAlaOJ  at  the  other.  They  are  not  infrequent  as  minute  grains 
or  crystals  in  some  igneous  and  metamorphic  rocks,'*being  specially  developed  among 
the  peridotites,  where  also  they  are  sometimes  associated  with  the  free  oxide  of  aluminium 
(corundum).  True  spinel  occurs  in  association  with  malacolite,  coccolite  and  other 
minerals  in  the  crystalline  limestone  of  Glenelg,  Scotland.  Between  magnetite  and 
spinel  come  intermediate  varieties,  as  Chromite  (see  above),  Picotite,  Hercynite  and 
Ileonasle. 

Manganese  Oxides,  as  already  mentioned,  are  frequently  associated  with  those  of 
iron  in  ordinary  rock-forming  minerals,  but  in  such  minute  proportions  as  to  have  been 
generally  neglected  in  analyses.  Their  presence  in  the  rocks  of  a  district  is  sometimes 
shown  by  deposits  of  the  hydrous  oxide  in  the  forms  of  Psilomelane  (H2Mn04  +  H20) 
and  Wad  (MnO^  +  MnO  +  HaO).  These  deposits  sometimes  form  black  or  dark  brown 
branching,  plant-like  or  dendritic  impressions  between  the  divisional  planes  of  close- 
grained  rocks  (limestone,  felsite,  &;c.) ;  sometimes  they  appear  as  accumulations  of  a 
black  or  brown  earthy  substance  in  hollows  of  rocks,  occasionally  as  deposits  in  marshy 
places,  like  those  of  bog-iron-ore,  and  abundantly  on  some  parts  of  the  sea-floor.** 

Silicates. — These  embrace  by  far  the  largest  and  most  important  series  of  rock¬ 
forming  minerals,  seeing  that  by  themselves  they  constitute  at  least  nine-tenths  of  the 
terrestrial  crust,  and  make  up  practically  all  the  rocks  except  the  sandstones,  quartzites 
and  carbonates.'^  Their  chief  groups  are  the  anhydrous  aluminous  and  magnesian 

'  . . t. 

*  ‘Die  Palaolitische  Eruptivgesteine  des  Fichtelgebirges,’  1874,  p.  29.  See  Rosenbuscli, 
Mik.  Physidg.  ii.  p.  336.  De  la  Vallee  Poussin  and  Renard,  Miin.  Counmn.  Acad.  Roy. 
Belg.,  1876,  xl.  Plate  vi.  pp.  34  and  35.  Fouque  and  Michel-Levy,  ‘  Mineralogie  Micro¬ 
graph.’ p.  426.  postecLj  p.  618. 

“  The  recognition  of  Titanic  Iron  in  basic  eruptive  rocks  has  been  the  subject  of  prolonged 
investigation  by  Professor  J.  H.  L.  Vogt  of  Christiania.  See  his  papers  in  Ceol.  Foren. 
FUrha'tidl.,  Stockholm,  1891  ;  Zeitsch.  PraU.  Geol.  1893,  p.  6  ;  1894,  p.  382  ;  1900,  p.  233  : 
1901,  pp.  9,  180,  289,  327. 

^  On  the  occurrence,  origin  and  chemical  composition  of  Chromite,  J.  H.  Pratt,  Trans. 
Amer.  Inst.  Min.  Eng  in.  February  1899. 

^  See  the  paper  of  Mr.  Penrose  already  cited  [ante,  p.  85),  imH^ostea,  p.  585. 

®  See  the  important  researches  by  F.  W.  Clarke  and  E.  A.  Schneider,  “  Experiments 
upon  the  Constitution  of  the  Natural  Silicates,”  Amer.  Jour.  Sci.  xl.  (1890),  pp.  303-312, 
405-416,  452-457;  F.  W.  Clarke,  “The  Chemical  Structure  of  the  Natural  Silicates,” 
BuU.  U.  S.  G.  S.  No.  60  (1890),  p.  13,  and  No.  125  (1895),  p.  109.  The  last-cited  paper 
is  specially  deserving  of  the  attention  of  the  student. 
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silicates,  embracing  the  Felspars,  Hornblendes,  Augites,  Micas,  &c.,  and  the  hydrous 
silicates,  which  include  the  Zeolites,  Clays,  talc,  chlorite,  serpentine,  &c. 

The  family  of  the  Felspars  forms  one  of  the  most  important  of  all  the  constituents 
of  rocks,  seeing  that  its  members  constitute  by  much  the  largest  portion  of  the  plutonic 
and  volcanic  rocks,  are  abundantly  present  among  many  crystalline  schists,  and  by  their 
decay  have  supplied  a  great  part  of  the  clay  out  of  which  argillaceous  sedimentary 
formations  have  been  constructed.  ^ 

The  felspars  are  usually  divided  into  two  series.  1st,  The  nionoclinic  felspars,  con¬ 
sisting  of  two  species  or  varieties,  Orthoclase  and  Sanidine ;  and  2nd,  The  tricliiiic 
felspars,  among  which,  as  constitnenfs  of  rocks,  may  be  mentioned  the  potash  species 
microcline  and  the  group  of  the  plagioclase  felspars  comprising  albite,  aiiorthite,  oligo- 
clase,  andesine,  and  labradorite.^ 

Orthoclase  (Orthose,  KoO  16*89,  AI2O3  18 ’43,  810.2  64*68)  occurs  abundantly  as  an 
original  constituent  of  many  crystalline  rocks -(granite,  syenite,  rhyolite,  gneiss,  &c.), 
likewise  in  cavities  and  veins  in  which  it  has  segregated  from  the  surrounding  mass 
(pegmatite) ;  seldom  found  in  unaltered  sedimentary  rocks  except  in  fragments  derived 
from  old  crystalline  masses  ;  generally  associated  with  quartz,  and  often  with  hornblende, 
while  the  felspars  less  rich  in  silica  more  rarely  accompany  free  quartz.  It  is  an 
original  constituent  of  plutonic  and  old  volcanic  rocks  (granite,  felsite,  &;c.),  and  of 
gneiss  and  various  schists.  A  few  examples  have  been  noticed  where  it  has  replaced 
other  minerals  (prehnite,  analcime,  laumontite).  Under  the  microscope  it  is  recognisable 
from  quartz  by  its  characteristic  rectangular  forms,  cleavage,  twinning,  angle  of 
extinction,  turbidity,  and  frequent  alteration.  Orthoclase  weathers  on  the  whole  with 
comparative  rapidity,  though  durable  varieties  are  known.  The  alkali  and  some  of  the 
silica  are  removed,  and  the  mineral  passes  into  clay  or  kaolin  (p.  167). 

Sanidine,  the  clear  glassy  fissured  variety  of  orthoclase  so  conspicuous  in  the  more 
silieated  Tertiary  and  modern  lavas,  occurs  in  some  trachytes  in  large  flat  tables  (hence 
the  name  ‘‘sanidine”)  ;  more  commonly  in  fine  clear  or  grey  crystals  or  crystalline 
grannies ;  an  eminently  volcanic  mineral,  specially  characteristic  of  the  rhyolites. 

Triclinic  Felspars. — While  the  different  felspars  which  crystallise  in  the  triclinic 
system  may  be  more  or  less  easily  distinguished  in  large  crystals  or  crystalline  aggregates, 
they  are  difficult  to  separate  in  the  minute  forms  in  which  they  commonly  occur  as  rock 
constituents.  One  of  them,  known  as  Microcline,  is  identical  in  composition  with  ortho¬ 
clase,  and  is  thus  distinguished  from  all  the  other  triclinic  forms  in  being  a  potash  variety. 
It  i.s  so  closely  similar  to  Orthoclase  that  the  two  minerals  cannot  always  be  discriminated. 
The  minute  researches  of  Des  Cloiseaux,  however,  proved  them  to  belong  to  two  distinct 
systems  of  crystallisation,  and  placed  Microcline  as  a  new  species  in  the  triclinic  series.^ 
This  felspar  occurs  in  many  granites,  and  forms  the  common  variety  in  the  graphic 
condition  of  these  rooks.  It  is  found  likewise  in  gneisses  and  other  old  crystalline 
schists,  and  also  in  limestones  altered  by  contact  with  llierzolite.  Another  allied 
felspar  called  Anortbose  has  been  classed  with  Microcline  as  a  group  of  pseudo¬ 
monoclinic  forms,  on  account  of  their  close  resemblance  to  Orthoclase,  which  they  fre¬ 
quently  accompany  or  replace.  Anorthose  contains  from  7  to  10  per  cent  of  soda,  besides 
potash.  It  is  found  in  granites  and  syenites,  in  some  phonolites,  trachytes  and  andesitea 

^  See  A.  Des  Cloiseaux,  Ann.  des  Mines;  G.  Tschermak,  “Die  Feldspathgruppe,” 

Ahid.  Wien.  1864  j  C.  E.  Weiss,  ‘  Beitriige  zur  Kenntniss  der  Feldspathbildiing,’  Haarlem, 
1866;  F.  Fouque,  “Contributions  a  I’Etude  des  Feldspaths  des  Koches  Voleaniques, ” 
Bull.  Soc.  Fmngaise  Min.  tome  xvii.  (1894),  and  separately  printed,  p.  336  ;  A.  Michel- 
Levy,  ‘l^tucle  sur  la  Determination  des  Feldspaths  dans  les  Plaques  minces,’  Paris,  1894, 
p.  109;  Fouque  and  Michel- Levy,  ‘Mineral.  Micrograph.’  1878,  pp.  209,  227;  A. 
Lacroix,  ‘Mineralogie  de  la  France,’ tome  ii.  pp.  23-202  ;  N.  H.  Winchell.  Amer.  Oeol. 
xxi.  (1898),  pp.  12-49. 

2  A7171.  Chim.  et  Phys.  sc^r.  tome  ix.  (1876) ;  Com^A.  rend.  Ixxxii.  i>.  885. 
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The  other  tricliiiic  felspars  have  been  grouped  by  petrographers  under  the  general 
name  Plagioclase  (with  oblique  cleavage),  proposed  by  Tschermak,  who  regards  them  as 
mixtures  in  various  proportions  of  two  fundamental  compounds — albite  or  soda-felspar, 
and  anorthite  or  lime- felspar.^ 

They  occur  in  well -developed  crystals,  and  also  in  irregular  crystalline  grains, 
crystallites  or  microlites.  On  a  fresh  fracture,  their  crystals  often  appear  as  clear 
glassy  strips,  on  which,  may  usually  be  detected  a  fine  parallel  lirieation  or  ruling, 
indicating  a  characteristic  polysyntlietic  twinning  which  never  appears  in  orthoclase. 
A  felspar  striated  in  this  manner  can  thus  be  at  once  pronounced  to  be  a  triclinic  form, 
though  the  distinction  is  not  invariably  present.  Under  the  microscope,  the  fine 
parallel  lamellation  or  striping,  best  seen  with  polarised  light,  forms  one  of  the  most 
distinctive  features  of  this  group  of  felspars.  The  chief  plagioclase  felspars  are,  Albite 
(soda-felspar,  KaaO  11*82,  AloO^  18*56,  Si02  68*62),  found  in  some  granites,  and  in 
several  volcanic  rocks  ;  soda-lime  and  lime-soda  felspars,  as  Oligoclase  (NugO  8*2,  CaO 
4*8,  AI2O2  23*0,  vSiOo  62*8),  which  occurs  in  many  granites  and  other  eruptive  rocks; 
Andesine  (Na20  7*7,  CaO  7*0,  AI^Ojj  25*6,  Si02  60*0)  in  some  syenites,  &c.  ;  Labra- 
dorite  (UeoG  4*6,  CaO  12*4,  Al.jF-j  30*2,  Si02  52*9),  an  essential  constituent  of  many 
lavas,  &c.,  abundant  in  masses  in  the  azoic  rocks  of  Canada,  &c.  ;  Anorthite  (lime- 
felspar,  CaO  20*10,  AI2O3  36*82,  SiOo  43*08),  found  in  many  volcanic  rocks,  sometimes 
in  granites  and  metamorphic  rocks. 

The  triclinic  felspars  have  been  produced  sometimes  directly  from  igneous  fusion,  as 
can  be  studied  in  many  lavas,  where  often  one  of  the  first  minerals  to  appear  in  the 
devitrification  of  the  original  molten  glass  has  been  the  labradorite  or  other  plagioclase. 
The  large  beds  as  w'ell  as  abundant  dilfused  strings,  veinings,  and  crystals  of  triclinic 
felspar  (labradorite),  which  form  a  marked  feature  among  the  ancient  gneisses  of 
Eastern  Canada,  were  probably  originally  masses  of  eruptive  rock  that  have  undergone 
alteration  from  the  operation  of  the  processes  to  which  the  formation  of  the  crystalline 
schists  was  due.  The  more  higlily  silicated  species  (albite,  oligoclase)  occur  with 
orthoclase  as  essential  constituents  of  many  granites  and  other  plutonic  rocks.  The 
more  basic  forms  (labradorite,  anorthite)  are  generally  absent  where  free  silica  is 
present ;  but  occur  in  the  more  basic  igneous  rocks  (basalts,  &c.). 

Considerable  differences  are  presented  by  the  triclinic  felspars  in  regard  to  weathering. 
On  an  exposed  face  of  rock  they  lose  their  glassy  lustre  and  become  white  and  opaque. 
This  change,  as  in  orthoclase,  arises  from  loss  of  bases  and  silica,  and  from  hydration. 
Traces  of  carbonates  may  often  l)e  observed  in  weathered  crystals.  The  original  steam- 
cavities  of  old  volcanic  rocks  have  generally  been  filled  with  infiltrated  minerals  from 
the  decomposition  of  the  triclinic  felspars  during  the  volcanic  period  or  by  later 
weathering.  Calcite,  prehnite,  and  the  family  of  zeolites  have  been  abundantly  produced 
in  this  way.  The  student  will  usually  observe  that  where  these  minerals  abound  in 
the  cells  and  crevices  of  a  rock,  the  rock  itself  is  for  the  most  part  proportionately 
decomposed,  showing  the  relation  that  subsists  between  infiltration-products  and  the 
decomposition  of  the  surrounding  mass.  Abundance  of  calcite  in  veins  and  cavities 
of  a  felspatliic  rock  affords  good  ground  for  suspecting  the  presence  in  the  latter  of  a 
lime  felspar.-  (See  under  “  Albitisation,”  Book  lY.  Part  VIII.  Sect,  ii.) 

Saussurite,  formerly  described  as  a  distinct  mineral  species,  is  now  found  to 
he  the  result  of  the  decomposition  of  felspars,  which  have  thus  acquired  a  dull  white 
aspect  and  contain  secondary  crystallisations  (zoisite)  out  of  the  decomposed  substance 
of  the  original  felspar.  Such  saussuritic  felspars  occur  in  varieties  of  gabbro  and 


^  On  the  optical  discrimination  of  the  Plagioclases,  see  Michel-Levy,  BulL  Soc.  Frangaise 
Min.  xviii.  No.  3,  1895. 

^  A  valuable  essay  on  the  stages  of  the  weathering  of  tricliiiic  felspar  as  revealed  by  the 
microscope  was  published  by  G.  Rose  in  1867,  2^.  1).  6r.  G.  xix.  p.  276. 
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diorite.  Under  tdie  microscope  they  present  a  confused  aggregate  of  crystalline  needles 
and  granules  imbedded  in  an  amorplious  matrix.  {Bee  postea,  p.  232.) 

Leucite  (K2^  21*53,  AlgO^  23*50,  SiOg  54‘97)  is  a  markedly  volcanic  mineral, 
occurring  as  an  abundant  constituent  of  many  Tertiary  and  modern  lavas,  and  in  some 
varieties  of  basalt.  Under  the  microscope,  sections  of  this  mineral  are  eight-sided  or 
nearly  circular,  and  very  commonly  contain  enclosures  of  magnetite,  &c.,  conforming 
in  arrangement  to  the  external  form  of  the  crystal  or  disposed  radially. 

Nepheline  (NaoO  17*04,  AUOg  35*26,  KgO  6*46,  SiOo  41*24),  essentially  a  volcanic 
mineral,  being  an  abundant  constituent  of  phonolite,  of  some' Vesuvian  lavas,  and  of 
some  forms  of  basalt,  presents  under  the  microscope  various  six-sided  and  even  four¬ 
sided  forms,  according  to  the  angles  at  which  the  prisms  are  cut.^  Under  the  name  of 
Elmlite  are  comprised  the  greenish  or  reddish,  dull,  greasy-lustred,  compact  or  massive 
varieties  of  nepheline,  wdiich  occur  in  some  syenites  and  other  ancient  crystalline  rocks, 
and  stand  towards  the  clear  varieties,  very  much  as  orthoclase  does  to  sanidine. 

The  Mica  Family^  embraces  a  number  of  minerals,  distinguished  especially  by 
their  very  perfect  basal  cleavage,  whereby  they  can  be  split  into  remarkably  thin  elastic 
laminae,  and  by  a  predominant  splendent  pearly  lustre.  They  consist  essentially  of 
silicates  of  alumina,  magnesia,  iron  and  alkalies,  and  may  be  conveniently  divided  into 
two  groups,  the  white  micas,  which  are  silicates  of  alumina  with  alkalies  and  iron,  but 
with  little  or  no  magnesia,  and  the  black  micas,  in  which  the  magnesia  and  iron  play  a 
more  conspicuous  part.^ 

The  first  group  includes  Muscovite,  Lepidolite  and  Paragonite  ;  the  second  contains 
Biotite,  Phlogopite  and  Zinnwaldite. 

J  Muscovite  (Potash-mica,  white  mica,  rhombic  mica,  Glimmer,  KoO  3*07“-12*44, 
NaqO  0-4*10,  FeO  0-1*16,  FcgOg  0*46-8*80,  MgO  0*37-3*08,  AhOg  28*05-38*41,  SiOg 
43*47-51*73,  HgO  0*98-6*2*2),  abundant  as  an  original  constituent  of  many  eruptive 
rocks  (granite,  &c.) ;  as  one  of  the  characteristic  minerals  of  the  crystalline  schists  ;  as 
a  product  of  regional  and  contact  metamorphisin,  and  in  many  sandstones,  shales  and 
other  sedimentary  strata,  where  its  small  parallel  flakes,  derived,  like  the  surrounding 
quartz  grains,  from  older  crystalline  masses,  impart  a  silvery  or  “  micaceous’^  lustre  and 
fissility  to  the  stone.  The  persistence  of  muscovite  under  exposure  to  weather  is  shown 
by  the  silvery  plates  of  the  mineral,  which  may  be  detected  on  a  crumbling  surface  of 
granite  or  schist  where  most  of  the  other  minerals,  save  the  quartz,  have  decayed  ;  also 
by  the  frequency  of  the  micaceous  lamination  of  sandstones  and  other  clastic  rocks. 

Damourite,  a  hydrous  variety  of  muscovite,  occurs  among  crystalline  schists. 
Seri  cite,  another  hydrous  talc  dike  variety,  occurs  in  soft  inelastic  scales  in  many 
schists,  as  a  result  of  the  alteration  of  orthoclase  felspar.'^  Margarodite,  a  silvery 
talc-like  hydrous  mica,  is  widely  diffused  as  a  constituent  of  granite  and  other  crystal¬ 
line  rocks. 

Lepidolite  (Lithia-mica),  like  muscovite,  but  with  the  potash  partly  replaced  by 
lithia.  It  occurs  in  some  granites  and  crystalline  schists,  especially  in  veins  ;  it  is 
found  in  the  tin-bearing  granulites  of  Central  France. 

Paragonite  (Soda-mica)  forms  the  main  mass  of  certain  Alpine  schists.  It  is 

^  On  the  microscopic  distinction  between  nepheline  and  apatite,  see  Fouqu^.  and  Michel- 
L4vy,  ‘Mineral.  Micrograph.’  p.  276. 

^  See  F.  W.  Clarke,  “Studies  in  the  Mica  Groups,”  Bull.  U.  S.  G.  S.  No.  55  (1889),  p.  12, 
No.  42  (1887),  p.  11,  and  No.  113  (1893),  p.  22. 

^  See  M.  Baur,  P0ggend.  Ann.  cxxxviii.  (1869),  p.  337  ;  Tschermak,  SitO).  Alcad.  Wien. 
Ixxxvi.  (1877),  and  Ixxxvih.  (1878)  ;  Zeitsch.  Kryst.  1878,  p.  14,  and  1879,  p.  122.  On  the 
microscopic  determination  of  the  micas,  see  Fouqud  and  Michel-I4vy,  op.  cit.  p.  333,  and 
Lacroix,  *  Mineral!  France,’  i.  p.  305. 

^  On  the  occurrence  of  this  mineral  in  schists,  see  Lessen,  Z.  Jj.  G.  G.  1867,  pp.  646, 
661. 
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possible  that  niany  microscopic  white  micas  of  secondary  origin  and  developed  from  the 
alteration  of  soda-bearing  minerals  (nepheline,  triclinic  felspars),  hitherto  classed  as 
sericite,  may  belong  to  paragon  ite.^ 

Biotite  (Magnesia-mica,  black  mica,  liexagonal  mica,  MgO  10-30  per  cent)  occurs 
abundantly  as  an  original  constituent  of  many  granites,  gneisses,  and  schists  ;  also 
sometimes  in  basalt,  trachyte,  and  as  ejected  fragments  and  crystals  in  tuft*.  Its  small 
scales,  when  cut  transverse  to  the  dominant  cleavage,  may  usually  be  detected  under 
the  microscope  by  their  remarkably  strong  dichroism,  their  fine  parallel  lines  of  cleavage 
and  their  frequently  frayed  appearance  at  the  ends.  Under  the  action  of  the  weather 
it  assumes  a  pale,  dull,  soft  crust,  owing  to  removal  of  its  bases.  The  mineral  Rtobellan, 
which  occurs  in  hexagonal  brown  or  red  opaque  inelastic  tables  in  some  basalts  and 
other  igneous  rocks,  is  regarded  as  an  altered  form  of  biotite. 

Phlogopite,  a  mineral  so  closely  allied  to  biotite  as  to  be  often  indistinguishable 
from  it,  is  found  in  the  crystalline  Arch?can  limestones.  Its  reddish-brown  varieties 
all  contain  a  little  fluorine.  An  omite  is  another  mica  of  the  same  series. 

Zinnwaldite  (Lithionite)  is  a  ferruginous  mica  containing  lithia  and  fluorine  found 
in  the  tin-bearing  granites  of  Germany  and  Central  France. 

Hornblende  (Monoclinic  Amphibole,  CaCg  10-12,  MgO  11-24,  FeaO^j  0-10,  A]20;^ 
5-18,  Si02 40-50,  also  usually  with  some  Na.p,  KgO  and  FeO).  Divided  into  two  groups. 
1st,  Non-aluminous,  including  the  white  and  pale  green  or  grey  fibrous  varieties 
(tremolite,  actinolite,  &c.).  2nd,  Aluminous,  embracing  the  more  abundant  dark  green, 
brown,  or  black  varieties.  Under  the  microscoi)e,  hornblende  presents  cleavage-angles 
of  124“’  30',  the  definite  cleavage- planes  intersecting  each  other  in  a  well-marked  lattice 
work,  sometimes  with  a  finely  fibrous  character  superadded.  It  also  shows  a  marked 
pleochroism  with  polarised  light,  which,  as  Tschermak  first  pointed  out,  usually 
distinguishes  it  from  augite.^  Hornblende  has  abundantly  resulted  from  the  alteration 
(paramorphism)  of  augite  (see  below,  Uralite).  In  many  rocks  the  ferro-magnesian 
silicate  which  is  now  hornblende  was  originally  augite  ;  the  epidiorites,  for  instance, 
were  probably  once  dolerites  or  allied  pyroxenic  rocks.  The  pale  non-aluminous  horn¬ 
blendes  are  found  among  gneisses,  crystalline  limestones,  and  other  metamorphic  rocks. 
The  dark  varieties,  though  also  found  in  similar  situations,  sometimes  even  forming  entire 
masses  of  rock  (amphibolite,  horn  blende  rock,  hornblende-schist),  are  the  common  forms 
in  granitic  and  volcanic  rocks  (syenite,  diorite,  hornblende-andesite,  &c. ).  The  former 
group  naturally  gives  rise  by  weathering  to  various  hydrou.s  magnesian  silicates,  notably 
to  serpentine  and  talc.  In  the  weathering  of  the  aluminous  varieties,  silica,  lime, 
magnesia,  and  a  portion  of  the  alkalies  are  removed,  with  conversion  of  part  of  the 
earths  and  the  iron  into  carbonates.  The  further  oxidation  of  the  ferrous  carbonate  is 
shown  by  the  yellow  and  brown  crust  so  commonly  to  be  seen  on  the  surface  or 
penetrating  cracks  in  the  hornblende.  The  change  proceeds  until  a  mere  internal 
kernel  of  unaltered  mineral  remains,  or  until  the  wdiole  has  been  converted  into  a 
ferruginous  clay. 

Anthophyllite  (Rhombic  Amphibole  (MgFejSiO^)  is  a  mineral  which  occurs  in 
bladed,  sometimes  rather  fibrous  forms,  among  the  more  basic  parts  of  old  gneisses  ;  also 
in  zones  of  alteration  round  some  of  the  ferro-magnesian  minerals  of  certain  gabbros- 

Soda-amphiboles  resemble  ordinary  hornblende,  but,  as  their  name  denotes,  they 
contain  a  more  marked  proportion  of  soda.  They  include  a  blue  variety  called 
Glaucophanej  which  is  found  abundantly  in  certain  schists ;  Mieheckitc,  which  is  also 
blue  and  occurs  in  some  granites  and  micro -granites  ;  Arf'vedsonite,  a  dark  greenish  or 
brown  variety. 

Uralite  is  the  name  given  to  a  mineral  which  was  originally  Pyroxene,  but  has 

^  Lacroix,  ‘Mineral.  France,’  tome  i.  p.  355. 

^  Wien,  Acad.  May  1869.  See  also  Fouqu6  and  Michel-Lcvy,  ‘  Mineral.  Micrograph.’ 
pp.  349,  365. 
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now  "by  a  process  of  paramorpliism  acquired  the  internal  cleavage  and  structure  of 
hornblende  (amphibole).  Under  the  microscope  a  still  unchanged  kernel  of  pyroxene 
may  in  some  specimens  be  observed  in  the  centre  of  a  crystal  surrounded  by  strongly 
pleochroic  hornblende,  with  its  characteristic  cleavage  and  actinolitic  needles  {jpostea, 
p.  790).  Smaragdite  is  a  beautiful  grass-green  variety  also  resulting  from  the  alteration 
of  a  pyroxene. 

J  Augite  (Monoclinic  Pyroxene,  CaO  12-27 ‘5,  MgO  3-22*5,  FeO  1-34,  FesOg  0-10, 
AI2O3  0-11  ;  SiOo  40-57*5).  Divided  like  hornblende  into  two  groups.  1st,  Non- 
aluininous,  with  a  prevalent  green  colour  (malacolite,  coccolite,  diopside,  sablite,  &c. ). 
2nd,  Aluminous,  including  generally  the  dark  green  or  black  varieties  (common  augite, 
fassaite).  It  would  appear  that  the  substance  of  hornblende  and  augite  is  dimorphous, 
for  the  experiments  of  Berthier,  Mitscherlich  and  G,  Rose  showed  that  hornblende, 
when  melted  and  allowed  to  cool,  assumed  the  crystalline  form  of  augite ;  whence  it 
has  been  inferred  that  hornblende  is  the  result  of  slow,  and  augite  of  comparatively 
ra|)|d  cooling.^  Under  the  microscope,  augite  in  thin  slices  is  only  very  feebly  pleochroic, 
arid  presents  cleavage  lines  intersecting  at  an  angle  of  87°  5'.  It  is  often  remarkable 
for  the  amount  of  extraneous  materials  enclosed  within  its  crystals.  Like  some  felspars, 
augite  may  be  found  in  basalt  with  merely  an  outer  casing  of  its  own  substance,  the 
core  being  composed  of  magnetite,  of  the  ground-mass  of  the  surrounding  rock  or  of 
some  other  mineral  (Fig.  11).  The  distribution  of 'augite  resembles  that  of  hornblende  ; 
the  pale,  non -aluminous  varieties  are  more  specially  found  among  gneisses,  marbles, 
and  other  crystalline,  foliated,  or  metarnorphic  rocks  ;  the  dark-green  or  black  varieties 
enter  as  essential  constituents  into  many  igneous  rocks  of  all  ages,  from  Palaeozoic  up 
to  recent  times  (diabase,  basalt,  andesite,  &c.).  Its  weathering  also  agrees  with  that  of 
hornblende.  The  aluminous  varieties,  containing  usually  some  lime,  give  rise  to 
calcareous  and  ferruginous  carbonates,  from  which  the  fine  interstices  and  cavities  of 
the  surrounding  rock  are  eventually  filled  with  threads  and  kernels  of  calcite  and 
strings  of  hydrous  ferric  oxide.  In  basalt  and  dolerite,  for  example,  the  weathered 
surface  often  acquires  a  rich  yellow  colour  from  the  oxidation  and  hydration  of  the 
ferrous  oxide. 

Omphacite,  agranular  variety  of  pyroxene,  grass-green  in  colour,  and  commonly 
associated  with  red  garnet  in  the  rock  known  as  eclogite. 

Diallage,  a  variety  of  augite,  characterised  by  its  somewhat  metallic  lustre  and 
foliated  aspect,  is  especially  a  constituent  of  gabbro. 

Rhombic-Pyroxenes. — There  are  three  rhombic  forms  of  pyroxene,  which  occur  as 
important  constituents  of  some  rocks,  Enstatite,  Bronzite  and  Hypersthene.  Enstatite 
occurs  in  Iherzolite,  serpentine,  and  other  olivine  rocks  ;  also  in  meteorites.  Bronzite 
is  found  under  similar  conditions  to  enstatite,  from  which  it  is  with  difficulty  separable. 
It  occurs  in  some  basalts  and  in  serpentines  ;  also  in  meteorites.  Bronzite  and  enstatite 
weather  into  dull  green  serpentinoiis  products.  Bastite  or  Schiller-spar  is  a  frequent 
product  of  the  alteration  of  Bronzite  or  Enstatite,  and  may  be  observed  with  its 
characteristic  pearly  lustre  in  serpentine.  Hypersthene  occurs  in  hypersthenite  and 
hypersthene  -  andesite  ;  also  associated  with  other  magnesian  minerals  among  the 
crystalline  schists. 

A  group  of  magnesian  minerals  crystallising  in  orthorhombic  forms  is  embraced 
under  the  name  of  Peridots.  Of  these  by  far  the  most  important  as  a  rock-builder 
is  Olivine. 

Olivine  (Chrysolite,  MgO  32*4-50*5,  FeO  6-29*7,  Si02  31*6-42*8)  forms  an  essential 
ingredient  of  basalt,  likewise  the  main  part  of  various  so-called  olivine -rocks  or 
peridotites  (as  Iherzolite  and  picrite),  and  occurs  in  many  gahbros.  Under  the  micro¬ 
scope  with  polarised  light  it  gives,  when  fresh,  bright  colours,  specially  red  and  green, 

^  The  same  results  have  been  subsequently  obtained  by  MM.  Fouque  and  Michel-Ldvy, 
‘Synthase  des  Min^raux  et  des  Roches,’  1882,  p.  78. 
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but  it  is  not  perceptibly  pleocliroic.  Its  orthorhombic  outlines  can  sometimes  be 
readily  observed,  but  it  often  occurs  in  irregularly  shaped  granules  or  in  broken  crystals, 
and  is  liable  to  he  traversed  by  fine  fissures,  which  are  particularly  developed  transverse 
to  the  vertical  axis.  It  is  remarkably  prone  to  alteration.  The  change  begins  on  the 
outer  surface  and  extends  inwards  and  specially  along  the  fissures,  until  the  whole  is 
converted  either  into  a  green  granular  or  fibrous  substance,  which  is  probably  in  most 
cases  serpentine  (Figs.  32  and  33),  or  into  a  reddish-yellow  amorphous  mass  (limonite). 

Hauyne  (SiOg  34*06,  AIqO.j  27*64,  mp  11*79,  KoO  4*96,  CaO  10*60,  SO4  11*25) 
occurs  abundantly  in  Italian  lavas,  in  basalt  of  the  Eifel,  and  elsewhere. 

Noseaji  (SiO^  33*79,  AI2O3  28*75,  Na^O  26*20,  SO4  11*26),  under  the  microscope,  is 
one  of  the  most  readily  recognised  minerals,  showing  a  hexagonal  or  (|uadrangular  figure, 
with  a  characteristic  broad  dark  border  corresponding  to  the  external  contour  of  the 
crystal,  and  where  weathering  has  not  proceeded  too  far,  enclosing  a  clear  colourless 
centre.  It  occurs  in  minute  forms  in  most  phoiiolites,  also  in  large  crystals  in  spmeJ 
sanidine  volcanic  rocks.  Both  hauyne  and  nosean  are  volcanic  minerals  associated  with 
the  lavas  of  more  recent  geological  periods. 

Epidote  (Pistacite,  CaO  16-30,  MgO  0-4*9,  Fe^O^  7*5-17*24,  Al.>0;j  14*47--28*9, 
33*81-57*65)  occurs  in  many  crystalline  rocks,  as  a  result  of  the  alteration  of  other 
silicates  such  as  felspars  and  hornblende  (see  p.  790) ;  largely  distributed  in 

certain  schists  and  (piartzites,  sometimes  associated  with  beds  of  magnetite  and 
h?ematite. 

Zoisite  is  allied  to  epidote  but  contains  no  iron  (see  Saussurite,  p.  99).  It. occurs 
in  altered  basic  igneous  rocks  and  also  (sometimes  in  large  aggregations)  in  metamorphic 
groups.^ 

Orthite  (Allanite),  an  aluminous  silicate  containing  small  quantities  of  some  of  the 
rarer  metals  (cerium,  didymiiim,  lanthanum,  yttrium),  occurs  in  small  dispersed  crystals 
in  many  granites. 

Vesuvianite  (Idocrase,  CaO  27*7-37*5,  MgO  0-10*6,  FeO  0-16,  AI0O3  10*5-26*1, 
SiOa  35-39*7,  HoO  0-2*73)  occurs  in  ejected  blocks  of  altered  limestone  at  8omma, 
also  among  crystalline  limestones  and  schists. 

Andalusite  (AI2O3  50*96-62*2,  Fe203  0-5*7,  SiOa  35*3-40*17)  ;  found  in  crystalline 
schists.  The  variety  Chiastolite,  abundant  in  some  dark  clay-slates,  is  distinguished 
by  the  regular  manner  in  which  the  dark  substance  of  the  surrounding  matrix  has 
been  enclosed,  giving  a  cross  ■  like  transverse  section.  These  crystals  have  been 
developed  in  the  rock  after  its  formation,  and  are  regarded  as  proofs  of  contact-meta¬ 
morphism.  (Book  IV.  Part  VIII.) 

fiillimanite  (Fibrolite),  another  form  of  the  same  composition  as  Andalusite, 
occurring  in  long  straight  needles,  and  also  in  minute  interlaced  fibres  forming  a 
compact  rock,  is  of  frequent  occurrence  among  metamorphic  rocks. 

Staurolite  (Si02  26*32;  Al20355*92  ;  FeO  15*79;  H2O  1*97),  in  many  zones  of 
contact  metamorphism,  is  conspicuous  in  stumpy  crystals  and  cross -shaped  macles. 
Owing  to  its  density,  3*34-3*77,  it  is  easily  separated  from  its  matrix  by  means  of 
heavy  solutions.  It  is  commonly  associated  with  andalusite,  cordierite  and  garnet.^ 

Kyanite  (Disthene)  occurs  in  bladed  aggregates  of  a  beautiful  delicate  bine  colour 
among  schistose  rocks  ;  also  in  granular  forms.  This  mineral  agrees  in  chemical  com¬ 
position  with  Andalusite  and  Sillimanite,  and  like  them  is  generally  the  result  of 
metamorphism. 

Cordierite  (Dichroite,  lolite,  MgO  8*2-20*45,  FeO  0-11*58,  AI2O3  28*72-33*11, 
SiOa  48*1-50*4,  H2O  0-2*66)  occurs  as  an  alteration  product  of  contact  and  regional 

^  On  the  optical  properties  of  this  mineral  see  E.  H.  Forbes,  Amer.  JoKr.  Sci.  i. 
(1896),  p.  26. 

^  On  the  chemical  composition  of  Staurolite  and  the  regular  arrangement  of  its  carbon¬ 
aceous  inclusions,  S.  L.  Penfield  and  J.  H.  Pratt,  Avier.  J(>w\  Sci.  xlvii.  (1894),  p.  81. 
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metamorphism  in  slates,  gneiss,  sometimes  in  large  amount  {oordierite-gneiss)  ;  o^a- 
sionally  as  an  accessory  ingredient  in  some  granites;  also  m  talc-solust  Uiuler^es 
numerous  alterations,  haring  been  found  changed  into  pmite,  olilorophyllite,  mica,  &o. 

Scapolites,  a  series  of  minerals  consisting  of  silicates  of  alumina,  lime  and  soda, 
with  a  little  chlorine.  They  are  found  among  the  cavities  of  lavas, ^  but  more  frequently 
among  metamorphic  rocks,  where  they  appear  in  association  with  altered  felspars. 
Diuv^re  Couseraiiite  and  Meionite  are  varieties  of  the  series. 

Gan^et  {CaO  0-5*78,  MgO  0-10*2,  Fe203  0-6*7,  FeO  24*82-39*68,  MnO  0  -6*43, 
AloO  15*2-21*49,  SiOo  35*75-52*11).  The  common  red  and  brown  varieties  occur  as 
essenW  constituents  of  eclogite,  garnet- rock  ;  and  often  as  abundant  accessories  in 
mica-schist,  gneiss,  granite,  &c.,  and  in  the  zone  of  contact  nietamorpliism  aiound 
eruptive  masses.  Under  the  microscope,  garnet  as  a  constituent  of  rocks  presents 
three-sided,  four-sided,  six-sided,  eight -sided  (or  even  rounded)  figures  according  to 
the  angle  at  which  the  individual  crystals  are  cut ;  it  is  usually  clear,  but  full  of  Haws 
or  of  cavities  ;  passive  in  polarised  light. 

Toimnaline  (Schorl,  CaO  0-2*2,  MgO  0-14*89,  0-4*95,  KP .0-3*59,  FeO  0-12, 

0-13*08,  A1203  30*44-44*4,  SiOg  35*2-41*16,  B  3*63-11*78,  F  1*49-2*58),  with 
quartz,  forms  tourmaline  -  rock ;  associated  with  some  granites;  occurs  also  diffused 
through  many  gneisses,  schists,  crystalline  limestones,  and  dolomites,  likewise  in  sands 
(see  Zircon).  Pleochroism  strongly  marked. 

Zircon  (ZrOo  63*5-67*16,  lefis  0-2,  SiOa  32-35*26)  occurs  as  a  chief  ingredient  in 
the  zircon-syenite  of  Southern  Norway;  frequent  in  granites,  diorites,  gneisses,  crystal¬ 
line  limestones  and  schists ;  in  eclogite  ;  as  clear  red  grains  in  some  basalts,  and  also 
in  ejected  volcanic  blocks  ;  of  common  occurrence  as  clastic  grains  in  sands,  clays, 
sandstones,  shales  and  other  sedimentary  rocks  derived  from  crystalline  masses,  Bucli  as 


granite,  &c. 

Titanite  (Sphene,  CaO  21*76-33,  TiO^  33-43*5,  SiO.^  30-35),  dispersed  in  small 
characteristically  lozenge -shaped  crystals  in  many  syenites,  also  in  granite,  gneiss, 
and  in  some  volcanic  rocks  (basalt,  trachyte,  phonolite). 

Zeolites.— Under  this  name  is  included  a  characteristic  family  of  minerals,  which 
have  in  most  cases  resulted  from  the  alteration,  and  particularly  from  the  hydration,  of 
other  minerals,  especially  of  felspars.  Secondary  products,  and  only  rarely  original 
constituents  of  rocks,  they  often  occur  in  cavities  both  as  prominent  amygdales  and  as 
vein-stones,  and  in  minute  interstices  only  perceptible  by  the  microscope.  In  these 
minute  forms  they  very  commonly  present  a  finely  fibrous  divergent  structure.  As 
already  remarked  (p.  99),  a  relation  may  often  be  traced  between  the  containing  rock 
and  its  enclosed  zeolites.  Thus  among  the  basalts  of  the  Inner  Hebrides,  the  dirty 
green  decomposed  amygdaloidal  sheets  are  the  chief  repositories  of  zeolites,  while  the 
firm,  compact,  columnar  beds  are  comparatively  free  from  these  alteration  products.^ 
The  formation  of  zeolites  has  been  detected  at  the  bottom  of  the  deeper  ocean  abysses 
{'posted,  p.  585),  likewise  in  the  bricks  traversed  by  the  thermal  waters  of  mineral  springs 
(p.  475).  Among  the  more  common  zeolites  are  Analdte,  Natrolite,  Stilhite,  Ifeulandite, 
Harmotome,  Chdbccsite,  and  Apophyllite,  It  has  now  been  ascertained  that  Analcite  is 
an  original  constituent  of  certain  basic  basalt-like  igneous  rocks,  where  it  was  originally 
mistaken  for  a  glassy  base.  This  mineral  being  isotropic  in  polarised  light,  cannot, 
’when  it  shows  no  crystal  forms,  he  distinguished  from  the  volcanic  glass,  and  it  is 
possible  that  it  may  thus  have  a  wider  distribution  as  an  original  rock  constituent  than 
has  been  supposed.  ^ 

Kaolin  (AlgOg  38*6-40*7,  CaO  0-*35,  KgO  0-1*9,  SiOg  45*5-46*53,  H^O  9-14*54) 


^  See  Sullivan  in  Jukes’  ‘  Manual  of  Geology/  p.  85. 

2  L.  V.  Pirsson,  ‘‘On  the  Monchiqultes  or  Analcite  group  of  Igneous  Rocks,"  Journ.  Geol. 
iv.  (1896),  p.  679  ;  Whitman-Cross,  “An  Analcite-basalt  from  Colorado,”  op,  cit.  v.  (1897), 
p.  684. 
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results  from  the  alteration  of  potash-  and  soda-felspars  exposed  to  atmospheric,  some¬ 
times  to  solfataric,  influences.  Under  the  microscope  the  fine  white  powdery  substance 
is  found  to  include  abundant  minute  six-sided  colourless  plates,  scales,  and  monoclinic 
crystals  (Kaolinite),  which  have  been  formed  by  re-crystallisation  of  the  decomposed 
substance  of  the  felspar.  The  purest  white  Kaolin  is  called  china-clay,  from  its  exten¬ 
sive  use  in  the  manufacture  of  porcelain.  Ordinary  clay  is  impure  from  admixture  of 
iron,  lime,  and  other  ingredients,  among  which  the  debris  of  the  undecomposed  con¬ 
stituents  of  the  original  rock  may  form  a  marked  proportion. 

Talc  (MgO  23'19-35-4,  FeO  0-4*5,  AhOjj  0-5*67,.  SiO,,  56*62-64*53,  H^O  0-6*65) 
occurs  as  an  essential  constituent  of  talc-schist,  and  as  an  alteration  ])roduct  replacing 
mica,  hornblende,  augite,  olivine,  diallage,  and  other  minerals  in  crystalline  rocksA 

Chlorite,  a  group  of  soft,  usually  green  silicates  of  alumina,  magnesia  and  iron  with 
more  or  less  water  (MgO  24*9-36,  FeO  0-5*9,  FeaO.^  0-11*36,  AlgOg  10*5-19*9,  SiOg 
30-33*5,  HoO  11*5-16)  ;  several  varieties  or  species  are  divided  by  Tschermak  into 
Orthochlorites  and  Leptochlorites.^  When  crystallised,  they  take  the  form  of  small 
green  hexagonal  tables,  but  more  usually  appear  in  scaly,  vermicular  or  earthy  aggre¬ 
gates.  They  form  an  essential  ingredient  of  chlorite-schist,  and  occur  abundantly  as  an 
alteration  product  (of  hornblende,  &c.)  in  fine  filaments,  incrustations,  and  layers  in 
many  crystalline  rocks.  (See  under  Chloritisation,”  Book  lY.  Part  YIIL  §  ii.) 
The  minerals  grouped  under  the  head  of  Orthochlorites,  which  present  themselves  in 
distinct  crystals  or  in  plates  of  some  size,  include  Glinochlore,  Pennine,  Ripidolite 
(pro chlorite)  ;  the  Leptochlorites,  usually  not  definitely  crystallised,  comprise 
Oronstedtite,  Delessite,  Hisingerite,  and  a  large  number  of  variable  compounds, 
which  ate  still  imperfectly  known. 

Chloritoid. — Under  this  general  term  a  group  of  similar  substances  is  comprised, 
having  a  somewhat  variable  chemical  composition  but  possessing  the  same  or  closely 
similar  optical  characters.  Some  of  them  occur  in  large  plates,  others  in  small  scales. 
Of  the  latter  type  perhaps  the  most  important  as  a  rock-constituent  is  Ottr elite  (H2O 
(FeMg)  Al2Si07),  which  occurs  in  small  lustrous  iron-black  or  greenisb-black  lozenge¬ 
shaped  or  six-sided  plates  in  certain  schists.  It  resembles  cblorite,  but  is  at  once 
distinguishable  from  that  mineral  by  its  much  greater  hardness. 

Serpentine  (MgO  28-43,  FeO  1-10*8,  AhPy  0-5*5,  SiO.^  37*5-44*5,  H.O  9*5-14*6), 
long  considered  to  be  a  distinct  nuneral,  is  now  recognised  as  a  substance  which  has 
resulted  from  the  alteration  of  various  magnesian  silicates,  more  especially  of  olivine.'* 
Under  various  forms  which  have  received  different  names,  it  appears  in  rents,  threads  and 
veins  in  rocks,  into  the  composition  of  which  these  silicates  enter.  M.  Lacroix  has 
divided  the  serpentine  minerals  into  several  distinct  types.  He  classes  under  the  name 
of  Antigorite  a  mineral  which  crystallises  in  pseudocubic  forms  or  in  fibro-laraellar 
masses  (Marmolite,  Bastite,  Baltimorite),  and  is  found  in  such  rocks  as  the  peridotites 
and  those  which  contain  olivine,  hornblende,  pyroxene,  &c.  Chrysotile  is  the  name 
given  to  the  silky  finely  fibrous  forms  of  serpentine  ;  it  includes  the  varieties  Metaxite 
and  Xylotile,  and  is  frequently  seen  in  threads  and  veins  traversing  massive  serpentine. 
A  mammillated  or  stala otitic  form,  distinguished  by  the  concentration  in  it  of  the  nickel 
diffused  through  the  original  rock,  and  known  as  Numeaite,  was  first  recognised  ii^ 
New  Caledonia,  and  has  since  been  detected  in  the  serpentinised  Iherzolite  of  the 
Pyrenees.  Bowlingite,  a  fibro-lamellar  mineral  found  finst  in  the  basalt  of  Bowling 
on  the  Clyde,  is’ marked  by  its  considerable  percentage  of  iron  ;  Iddingsite  appears 
to  be  closely  allied  to,  if  not  identical  with  it. 

^  On  Talc  and  Pyrophyllite  deposits,  see  J.  H.  Pratt,  “Economic  Papers,”  No.  3,  North 
Carolina  Oeol.  Sum.  1900. 

2  Sitzungsh.  Akad.  Wien.  xcix.  (1890),  pp.  174-267  ;  F.  W.’ Clarke,  Amcr.  Journ.  Sci. 
xl.  (1890),  p.  405,  xlii.  (1891),  p.  242  ;  Bull.  U.  S.  a.  S.  No.  113  (1893),  p.  11. 

^  See  Tschermak,  Wieti.  Akad.  Ivi.  1867. 


106 


GBOGNOBY 


BOOK  II  PART  11 


Glauconite  (CaO  0-4*9,  MgO  0-5*9,  K2O  0-12*9,  0-2*5,  TeO  3-25*5, 

FcsO;;  0-28*1,  AI2O3 1*5-13*3,  SiQa  46*5-60*09,  H^O  0-14*7).  Occurs  in  small  more  or 
less  rounded  grains  which  may  be  agglomerated  into  layers,  strings  or  longer  masses  ; 
found  only  in  stratified  formations,  particularly  among  sandstones  and  limestones  of 
marine  origin,  where  it  envelops  grains  of  sand,  or  fills  and  coats  foraminifera  and 
other  organisms,  giving  a  general  green  tint  to  the  rock.  It  is  at  present  being  abund¬ 
antly  formed  on  the  sea-floor. Ofif  the  coasts  of  Georgia  and  South  Carolina,  Pourtales 
found  it  filling  the  chambers  of  recent  polythalamia,  and  since  that  time  it  has  been 
met  with  generally  associated  with  foraminifera  or  other  calcareous  organisms  in  the 
‘‘green  muds”  which  cover  such  wide  spaces  of  the  ocean-bottom. 

Carbonates. — This  family  of  minerals  furnishes  only  four  which  enter  largely  into 
the  formation  of  rocks,  viz.  Carbonate  of  Calcium  in  its  two  forms,  Calcite  and  Aragonite, 
Carbonate  of  Magnesium  (and  Calcium)  in  Dolomite,  and  Carbonate  of  Iron  in  Siderite. 

Calcite  (CaCOg)  occurs  (1)  as  an  original  constituent  of  many  rocks,  in  almost  all  cases 
of  sedimentary  origin  (limestone,  calcareous  shale,  &c.),  either  formed  by  chemical 
deposition  from  water  (calc-sinter,  stalactites,  &c.),  or  as  a  secretion  hy  plants  or 
animals;-  but  in  some  rare  cases,  of  igneous  origin,  where  the  eruptive  material  has 
invaded  and  absorbed  limestone  and  has  consequently  had  calcite  cry.stallised  among 
its  silicates;^  (2)  as  a  secondary  product  resulting  from  weathering,  when  it  is  found 
filling  or  lining  cavities,  or  diffused  through  the  capillary  interstices  of  minerals  and 
rocks.  Under  the  microscope,  calcite  is  readily  distinguishable  hy  its  intersecting 
cleavage  lines,  by  a  frequent  twin  laniellation  (sometimes  giving  interference  colours), 
strong  double  refraction,  weak  or  inappreciable  pleocliroism,  and  characteristic  iridescent 
polarisation  tints  of  grey,  rose  and  blue. 

From  the  readiness  with  which  water  absorbs  carbon-dioxide,  from  the  increased 
solvent  power  which  it  thereby  acquires,  and  from  the  abundance  of  calcium  in  various 
forms  among  minerals  and  rocks,  it  is  natural  that  calcite  should  occur  abundantly  as  a 
pseudomorph  replacing  other  minerals.  Thus,  it  has  been  observed  taking  tlie  place  of 
a  number  of  silicates,  as  orthoclase,  oligoclase,  garnet,  augite  and  several  zeolites  ;  of 
the  sulphates,  anhydrite,  gypsum,  barytes,  and  celestine ;  of  the  carbonates,  aragonite, 
dolomite,  cerussite  ;  of  the  fluoride,  fluor-spar  ;  and  of  the  .sulphide,  galena.  Moreover, 
in  many  massive  crystalline  rocks  (diorite,  dolerite,  &c.),  which  have  been  long  exposed 
to  atmospheric  influence,  this  mineral  may  be  recognised  by  the  brisk  effervescence  pro¬ 
duced  by  a  drop  of  acid,  and  in  microscopic  sections  it  appears  filling  the  crevices,  or 
sending  minute  veins  among  the  decayed  mineral  constituents.  Calcite  is  likewise  tlie 
great  petrifying  medium  :  the  vast  majority  of  the  animal  remains  found  in  the  rocky 
crust  of  the  globe  have  been  replaced  by  calcite,  sometimes  with  a  complete  preservation 
of  internal  organic  structure,  sometimes  widi  a  total  substitution  of  crystalline  material 
for  that  structure,  the  mere  outer  form  of  the  organism  alone  surviving.  (See  Index, 
suh  voc.  Calcite.) 

Aragonite  (CaCOs),  harder,  heavier,  and  much  less  abundant  than  Calcite,  which  is 

^  For  a  study  of  Glauconite,  as  now  forming  on  the  sea-fioor,  see  Mcjjort  (f  GhalUnger, 
Deep  Sea  Deposits,  p.  3/8  ;  as  a  constituent  of  rocks,  L.  Cayeux,  ‘  Contribution  a  TJ^tude 
micrographique  des  Terrains  sedimentaires  ’  (1897),  chap.  iv.  See  also  j)08tea,  p.  627. 

Mr.  Sorby  has  investigated  the  condition  in  which  the  calcareous  matter  of  the  harder 
parts  of  invertebrates  exists.  He  finds  that  in  foraminifera,  echinoderms,  brachiopods, 
Crustacea,  and  some  lamellibranchs  and  gasteropods,  it  occurs  as  calcite  ;  that  in  nautilus, 
sepia,  most  gasteropods,  many  lamellibranchs,  &c.,  it  is  aragonite  ;  and  that  in  not  a  few 
cases  the  two  forms  occur  together,  or  that  the  carbonate  of  lime  is  hardened  by  an  admixture 
of  phosphate.  Q.  J.  9.  S.  1879,  Address,  p.  61. 

Instances  of  this  kind  have  been  described  from  Scandinavia,  Canada,  India,  and 
Ceylon.  The  rock  known  as  elaeolite-syenite  seems  to  be  specially  apt  to  develop  this  calcite 
intermixture  when  it  invades  limestones  or  highly  calcareous  rocks. 
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the  more  stable  form  of  calcium-carbonate  ;  occurs  with  beds  of  gypsum,  also  in  mineral 
veins,  in  strings  running  through  basalt  and  other  igneous  rocks,  and  in  the  shells  of 
many  molliisca.  It  is  thus  always  a  deposit  from  water,  sometimes  from  warm  mineral 
springs,  sometimes  as  the  result  of  the  internal  alteration  of  rocks,  and  sometimes 
through  the  action  of  living  organisms.  Being  more  easily  soluble  than  calcite,  it  has 
no  doubt  in  many  cases  disappeared  from  limestones  originally  formed  mainly  of 
aragonite  shells,  and  has  been  replaced  by  the  more  durable  calcite,  with  a  consequent 
destruction  of  the  traces  of  organic  origin.  Hence  what  are  now  thoroughly  crystalline 
limestones  may  have  been  formed  by  a  slow  alteration  of  such  shelly  deposits  (p.  624). 

Dolomite  (Bitter-spar  (Ca,Mg)CO;,,  p.  193)  occurs  (1)  as  an  original  deposit  in 
massive  beds  (magnesian  limestone),  belonging  to  many  different  geological  formations  ; 
(2)  as  a  product  of  alteration,  especially  of  ordinary  limestone  or  of  aragonite  (Dolo- 
mitisation,  pp.  426,  791).^ 

Siderite  (Brown  Ironstone,  Spathic  Iron,  Chalybite,  Ferrous  Carbonate,  FeCO;,) 
occurs  crystallised  in  association  with  metallic  ores,  also  in  beds  and  veins  of  many 
crystalline  rocks,  particularly  with  limestones  ;  the  compact  argillaceous  varieties  (clay- 
ironstone)  are  found  in  abundant  nodules  and  beds  in  the  shales  of  Carboniferous  and 
other  formations,  where  they  have  been  deposited  from  solution  in  water  in  presence  of 
decaying  organic  matter  (see  pp.  187,  194). 

StTLPprATES. — Among  the  sulphates  of  the  mineral  kingdom,  only  two  deserve  notice 
here  as  important  compounds  in  the  constitution  of  rocks — viz.  ealcium-siilphate  or 
sulphate  of  lime  in  its  two  forms.  Anhydrite  and  Gypsum  ;  and  barium -sulphate  or 
sulphate  of  baryta  in  Barytes. 

Anhydrite  (CaS04)  occurs  more  especially  in  association  with  beds  of  gypsum  and 
rock-salt  (seep]).  189,  194).. 

G-ypsum  (Selenite,  0aSO4  4-2H2O).  Abundant  as  an  original  aipieous  deposit  in 
many  sedimentary  formations  (see  p.  193). 

Barytes  (Heavy  Spar,..BaS04).  Frerpient  in  veins,  and  especially  associated  with 
metallic  ores  as  one  of  their  characteristic  vein -stones.  Occasionally  it  is  found  as  a 
cementing  material  in  sandstones.*-^ 

Phosphates. — The  phosphates  which  occur  most  con.spicuously  as  constituents  or 
accessory  ingredients  of  rocks  are  the  tricalcic  phosphate  or  Apatite,  and  triferrous 
phosphate  or  Yivianite. 

Apatite  (3Ca.j  (PO4)  +  CaFo)  occurs  in  many  igneous  rocks  (granites,  basalts,  &c.),  in 
minute  hexagonal  non-pleochroic  needles,  giving  faint  polarisation  tints  ;  also  in  large 
crystals  and  massive  beds  associated  with  metamorphic  rocks.*' 

Vivianite  (Blue  iron -earth,  Fe;{P.2f^Hj  SH.jO)  occurs  crystallised  in  metalliferous 
veins  ;  the  earthy  variety  is  not  infrequent  in  ])uat-mosses  where  animal  matter  has 
decayed,  and  is  sometimes  to  be  observed  coating  fossil  fishes  as  a  fine  layer  like  the 
bloom  of  a  plum. 

Fluokides. — The  element  fluorine,  though  widely  diffused  in  nature,  occurs  as  an 
important  constituent  of  conoparatively  few  minerals.  Its  most  abundant  compound  is 
with  Calcium  as  the  common  mineral  Fluorite.  It  occurs  also  with  sodium  and 
ahmininm  in  the  mineral  Cryolite  (p.  190). 

^  On  the  distinctive  characters  of  Dolomite  in  calcareous  and  dolomitic  rocks,  see  A. 
Renard,  Bull.  Acad.  Roy.  Belg.  xlvii.  (1879),  No.  5. 

“  Clowes,  Froc,  Roy.  Soc.  Ixiv.  (1899),  p.  374  ;  C.  B.  Wedd,  Oeol.  Mag.  1899,  p.  508  ; 
W.  Mackie,  Brit.  Assoc.  1901,  p.  649. 

^  See  R.  A.  F.  Penrose  on  the  “Nature  and  Origin  of  Deposits  of  Phosj)hate  of  Lime,” 
B.  U.  S.  (L  S.  No.  46  (1888).  On  the  Apatite  deposits  of  Norway,  G.  Lbfstrand,  Ocol. 
Form.  FUrhandl.,  Stockholm,  xii.  (1890),  pp.  145-192,  207,  365.  On  the  Apatite  of 
Gellivare,  Sweden,  H.  Lundhohm,  Sverig.  Qeol.  Undersok,  ser.  C.  No.  III.  (1890).  The 
suhject  of  phosphate  deposits  is  more  fully  noticed,  2)osteti,  i)p.  180,  626. 
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Fluorite  (Fluor-spar,  CaFo)  occurs  generally  in  veins,  especially  in  association  with 
metallic  ores;  rarely  as  the”  cement  of  sandstone.^  For  an  exhaustive  account  of 
Fluorine  and  its  compounds  see  the  monograph  by  M.  Moisson  already  cited  (p.  87). 

Chlorides.— There  is  only  one  chloride  of  importance  as  a  constituent  of  rocks— 
sodium-chloride  or  common  salt  (bTaCl),  which,  found  chiefly  in  beds  associated  with 
other  chemical  and  mechanical  deposits,  is  described  among  the  rocks  at  p.  189.  Car- 
nallite  (KClMgClaflHsO),  a  hydrated  chloride  of  potassium  and  magnesium,  occurs  in 
layers  together  with  rock-salt,  gypsum,  &c.,  in  some  salt  districts  (p.  190). 

Sulphides. — Sulphur  is  found  united  with  metals  in  the  form  of  sulphides,  many 
of  which  form  common  minerals.  The  sulphides  of  lead,  silver,  copper,  zinc,  antimony, 
&c.,  are  of  great  commercial  importance.  Iron-disulphide,  however,  is  the  only  one 
which  merits  consideration  here  as  a  rock-forming  substance.  It  is  formed  at  the 
present  day  by  some  thermal  springs,  and  has  been  developed  in  many  rocks  as  a  result 
of  the  action  of  infiltrating  water  in  presence  of  decomposing  organic  matter  and  iron 
salts.  It  occurs  in  two  forms,  Pyrite  and  Marcasite. 

P3Tite  (Eisenkies,  Schwefelkies,  FeS2)  occurs  disseminated  through  almost  all  kinds 
of  rocks,  often  in  great  abundance,  as  among  diabases  and  clay-slates  ;  also  frequent  in 
veins  or  in  beds.  In  microscopic  sections  of  rocks,  pyrite  apj)ears  in  small  cubical, 
perfectly  opaque  crystals,  which  with  reflected  light  show  the  characteristic  brassy 
lustre  of  the  mineral,  and  cannot  thus  be  mistaken  for  the  isometric  magnetite,  of  which 
the  square  sections  exhibit  a  characteristic  blue-black  colour.  Pyrite  when  free  from 
marcasite  yields  but  slowly  to  weathering.  Hence  its  cubical  crystals  may  be  seen 
projecting  still  fresh  from  slates  which  have  been  exposed  to  the  atmosphere  for  several 
generations.^ 

Marcasite  (Hepatic  pyrites)  occurs  abundantly  among  sedimentary  formations, 
sometimes  abundantly  diffused  in  minute  particles  which  impart  a  blue-grey  tint,  and 
speedily  weather  yellow  on  exposure  and  oxidation  ;  sometimes  segregated  in  layers,  or 
replacing  the  substance  of  fossil  plants  or  animals;  also  in weins  through  crystalline 
rocks.  This  form  of  the  sulphide  is  especially  characteristic  of  stratified  fossiliferoua 
rocks,  and  more  particularly  of  those  of  Secondary  and  Tertiary  date.  It  is  extremely 
liable  to  decomposition.  Hence  exposure  for  even  a  short  time  to  the  air  causes  it  to 
become  brown  ;  free  sulphuric  acid  is  produced,  which  attacks  the  surrounding  minerals, 
sometimes  at  once  forming  sulphates,  at  other  times  decomposing  aluminous  silicates 
and  dissolving  them  in  considerable  quantity.  Dr.  Sullivan  mentions  that  the  water 
annually  pumped  from  one  mine  in  Ireland  carried  up  to  the  surface  more  than  a 
hundred  tons  of  dissolved  silicate  of  alumina.^  Iron  disulphide  is  thus  an  important 
agent  in  effecting  the  internal  decomposition  of  rocks.  It  also  plays  a  large  part  as  a 
petrifying  medium,  replacing  the  organic  matter  of  plants  and  animals,  and  leaving 
casts  of  their  forms,  often  with  bright  metallic  lustre.  Such  casts  when  exposed  to  the 
air  decompose. 

Pyrrhotine  (Magnetic  pyrites,  Fe7S8)  is  much  less  abundant  than  either  of  the  forms 
of  ordinary  iron-pyrites,  from  which  it  is  distinguished  by  its  inferior  hardness  -  and  its 
magnetic  character. 

It  will  be  observed  that  great  differences  exist  in  the  relative  abund¬ 
ance  of  the  minerals  above  enumerated.  Thus  the  igneous  rocks,  which 
may  he  taken  to  represent  the  chemical  and  mineralogical  composition  of 
the  original  part  of  the  earth’s  crust,  are  formed  out  of  a  small  number  of 

^  W.  Mackie,  BHt  Assoc.  1901,  p.  649. 

^  See-  J.  H.  L.  Vogt,  Z&itsch.  Prakt.  OeoL,  Feb.,  April,  May  1894.  For  an  elaborate 
paper  on  the  decomposition  of  Pyrites,  see  A.  A.  Julien,  Annals  New  York  Acad.  f^ci.  vols. 
iii.  and  iv. 

^  Jukes’  ‘Manual  of  Geology,’  p.  65. 
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groups  of  minerals.  Mr.  F.  W.  Clarke,  discussing  500  analyses,  came  to 
the  conclusion  that  the  felspars  constitute  about  60  per  cent  of  the  igneous 
rocks,  the  pyroxenes  and  amphiboles  18  per  cent,  quartz  12  per  cent  and 
micas  4  per  cent,  making  in  all  94  per  cent,  and  leaving  only  6  per 
cent  for  all  other  groups  of  minerals.^  The  sedimentary  rocks,  which 
either  directly  or  indirectly  have  been  derived  from  this  older  or 
igneous  crust,  show  considerable  differences  in  the  relative  proportions 
of  their  chemical  constituents.  In  the  sandstones,  for  example,  the  silica 
percentage  sometimes  rises  above  90,  while  in  the  shales  it  may  range 
between  50  and  60.  In  the  latter  rocks  the  alumina  may  exceed  15 
per  cent,  while  in  the  sandstones,  even  in  the  hard  siliceous  varieties, 
used  for  building  purposes,  it  seldom  exceeds  from  4  to  6.  The  alkalies 
are  diminished  in  the  sedimentary  formations,  but  the  lime  is  often  much 
increased,  while  in  the  limestones  it  may  form  nearly  half  of  the  whole 
rock.  These  features  will  come  out  more  clearly  when  the  sedimentary 
rocks  are  discussed  in  Book  II.  Sect.  vii. 

Sect.  iii.  Determination  of  Rocks. 

Rocks  considered  as  mineral  substances  are  distinguished  from  each 
other  by  certain  external  characters,  such  as  the  size,  form,  and  arrange¬ 
ment  of  their  component  particles.  These  characters,  readily  perceptible 
to  the  naked  eye,  and  in  the  great  majority  of  cases  observable  in  hand 
specimens,  are  termed  megascopic  or  macroscopic  (pp.  109, 127),  to  distinguish 
them  from  the  more  minute  features  which,  being  only  visible  or  satis¬ 
factorily  observable  when  greatly  magnified,  are  known  as  microscopic 
(pp.  119,  140).  The  larger  (geotectonic)  aspects  of  rock-structure,  which 
can  only  be  properly  examined  in  the  field,  and  belong  to  the  general 
architecture  of  the  earth’s  crust,  are  treated  of  in  Book  IV. 

In  the  discrimination  of  rocks,  it  is  not  enough  to  specify  their 
component  minerals,  for  the  same  minerals  may  constitute  very  distinct 
varieties  of  rock.  For  example,  quartz  and  mica  form  the  massive 
crystalline  rock,  greisen,  the  foliated  crystalline  rock,  mica- schist,  and 
the  sedimentary  rock,  micaceous  sandstone.  Chalk,  encrinal  limestone, 
stalagmite,  statuary  marble  are  all  composed  of  calcite.  It  is  needful 
to  take  note  of  the  megascopic  and  microscopic  structure  and  texture, 
the  state  of  aggregation,  colour,  and  other  characters  of  the  several 
masses. 

Four  methods  of  procedure  are  available  in  the  investigation  and 
determination  of  rocks  :  1st,  megascopic  (macroscopic)  examination,  either 
by  the  rough  and  ready,  but  often  sufficient,  appliances  for  use  in  the 
field,  or  by  those  for  more  careful  work  indoors ;  2nd,  chemical  analysis ; 
3rd,  chemical  synthesis ;  4tb,  microscopic  investigation. 

§  i.  Megascopic  (Macroscopic)  Examination. 

Tests  in  the  field. — The  instruments  indispensable  for  the  investigation  of  rocks  in 
the  field  are  few  in  number,  and  simple  in  character  and  applicatioTi.  The  observer 


1  B.  U.  A  a.  8.  No.  168  (1900),  p.  16. 
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will  be  suttieiently  accoutred  if  he  carries  with  him  a  hammer  of  such  form  and  weight 
as  will  enable  him  to  break  off  clean,  sharp,  im weathered  chips  from  the  edges  of  rock- 
masses,  a  small  lens,  a  pocket-knife  of  hard  steel  for  determining  the  hardness  of  rocks 
and  minerals,  a  magnet  or  a  magnetised  knife-blade,  and  a  small  pocket-phial  of  dilute 
hydrochloric  acid,  or  some  citric  acid  in  powder. 

Should  the  object  be  to  form  a  collection  of  rocks,  a  hammer  of  at  least  three  or  four 
pounds  in  weight  should  be  carried  :  also  one  or  two  chisels  and  a  small  trimming 
hammer,  weighing  about  ^  lb.,  for  reducing  the  specimens  to  shape.  A  convenient  size 
of  museum-specimens  is  4x3x1  inches  ;  those  of  the  held  geologist  will  usually  he 
smaller.  'Where  they  are  meant  to  be  preserved  for  reference,  the  specimens  should 
be  as  nearly  as  possible  uniform  in  size,  so  as  to  be  capable  of  orderly  arrangement 
in  the  drawers  or  shelves  of  a  case  or  cabinet.  Attention  should  be  paid  not  only  to 
obtain  a  tborougbly  fresh  fracture  of  a  rock,  but  also  a  weathered  surface,  wherever 
there  is  anything  characteristic  in  the  weathering.  Every  specimen  should  have  affixed 
to  it  a  label,  indicating  as  exactly  as  possible  the  locality  from  which  it  was  taken. 
This  information  ought  always  to  be  wTitten  down  in  the  field  at  the  time  of  collecting, 
and  should  be  affixed  to  or  wrapped  up  with  the  specimen,  before  it  is  consigned  to  the 
collecting  bag.  If,  however,  the  student  does  not  purpose  to  form  a  collection,  but 
merely  to  obtain  such  chips  as  will  enable  him  to  judge  of  the  characters  of  rocks,  a 
hammer  weighing  from  1|  to  *2  Ihs.,  with  a  square  face  and  tapering  to  a  chisel -edge  at 
the  opposite  end,  will  be  most  useful.  The  advantage  of  this  form  is  that  the  hammer 
can  be  used  not  only  for  breaking  hard  stones,  but  also  for  splitting  open  shales  and 
other  fissile  rocks,  so  that  it  unites  the  uses  of  hammer  and  chisel. 

It  is,  of  course,  desirable  that  the  learner  should  first  acquire  some  knowledge  of 
the  nomenclature  of  rocks,  hy  carefully  studying  a  collection  of  correctly  named 
and  judiciously  selected  rock-specimens.  Such  collections  may  now  be  purchased  at 
small  cost  from  mineral  dealers,  or  may  he  studied  in  the  museums  of  most  towns. 
Having  accustomed  his  eye  to  the  ordinary  external  characters  of  rocks,  and  become 
familiar  with  their  names,  the  student  may  proceed  to  determine  them  for  himself 
in  the  field. 

Eluding  himself  face  to  face  with  a  rock -mass,  and  after  noting  its  geotectonic 
characters  (Book  IV.),  the  observer  will  proceed  to  examine  the  exposed  or  weathered 
surface.  The  earliest  lesson  he  has  to  learn,  and  that  of  which  perhaps  he  will  in  after 
life  meet  with  the  most  varied  illustrations,  is  the  extent  to  which  weathering  concealB 
the  true  aspect  of  rocks.  From  what  has  been  said  in  previous  pages  the  nature  of 
some  of  the  alt^*ations  will  be  understood,  and  further  information  regarding  the 
chemical  processes  at  work  will  be  found  in  Book  III.  The  practical  study  of  rocks  in 
the  field  soon  discloses  the  fact,  that  while,  in  some  cases,  the  weathered  crust  so 
completely  obscures  the  essential  character  of  a  rock  that  its  true  nature  might  not  be 
suspected,  in  other  instances  it  is  the  weathered  crust  that  best  reveals  the  real  composition 
of  the  mass.  Spheroidal  crusts  of  a  decomposing  yellow  ferruginous  earthy  substance, 
for  example,  would  hardly  be  identified  as  a  compact  dark  basalt,  yet,  on  penetrating 
within  these  crusts,  a  central  core  of  still  undecomposed  basalt  may  not  iinfrequently 
he  discovered.  Again,  a  block  of  limestone  when  broken  open  may  present  only  a 
uniformly  crystalline  structure  ;  yet  if  the  weathered  surface  be  examined  it  may  show 
liahy  projecting  fragments  of  shells,  polyzoa,  corals,  crinoids,  or  other  organisms.  The 
really  fossiliferous  nature  of  an  apparently  unfossiliferous  rock  may  thus  be  revealed  by 
weathering.  Many  limestones  also  might,  from  their  fresh  fracture,  be  set  down  as 
tolerably  pure  carbonate  of  lime  ;  but  from  the  thick  crust  of  yellow  ochre  on  their 
weathered  faces  are  seen  to  he  highly  feiTuginous.  Among  crystalline  rocks,  the 
weathered  surface  commonly  throws  light  upon  the  mineral  constitution  of  the  mass, 
for  some  minerals  decompose  more  rapidly  than  others,  which  are  thus  left  isolated  and 
more  easily  recognisable.  In  this  manner  the  existence  of  quartz  in  many  felspathic 
rocks  may  be  detected.  Its  minute  blebs  or  crystals,  which  to  the  naked  eye  or  lens 
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are  lost  among  the  brilliant  facettes  of  the  felspars,  stand  out  amid  the  dull  clay  into 
which  these  minerals  are  decomposed. 

The  depth  to  which  weathering  extends  should  be  noted.  The  student  must  not  be 
too  confident  that  he  has  reached  its  limit,  even  when  he  comes  to  the  solid,  more  or  less 
hard,  splintery,  and  apparently  fresh  stone.  Clranite  sometimes  decomposes  into  kaolin 
and  sand  to  a  depth  of  twenty  or  thirty  feet  or  more.  Limestones,  on  the  other  hand, 
have  often  a  mere  film  of  crust,  because  their  substance  is  almost  entirely  dissolved  and 
removed  by  rain  (Book  III.  Part  IL  Sect.  ii.  §  2). 

With  some  practice,  the  inspection  of  a  weathered  surface  will  frequently  suffice  to 
determine  the  true  nature  and  name  of  a  rock.  Should  this  preliminary  examination, 
and  a  comparison  of  weathered  and  unweathered  surfaces,  fail  to  afford  the  information 
sought,  we  proceed  to  apply  some  of  the  simple  and  useful  tests  available  for  field-work. 
The  lens  will  usually  enable  us  to  decide  whether  the  rock  is  compact  and  apparently 
structureless,  or  crystalline,  or  fragmental.  Having  settled  this  point,  we  proceed  to 
ascertain  the  hardness  and  colour  of  streak,  by  scratching  a  fresh  surface  of  the  stone. 
A  drop  of  acid  placed  upon  the  scratched  surface  or  on  the  powder  of  the  streak  may 
reveal  the  presence  of  some  carbonate.  By  practice,  considerable  facility  can  be  ac<iuired 
in  approximately  estimating  the  specific  gravity  of  rocks  merely  by  the  hand.  The 
following  table  may  be  of  assistance,  but  it  must  he  understood  at  the  outset  that  a 
knowledge  of  rocks  can  never  be  gained  from  instructions  given  in  books,  but  must  be 
acquired  by  actual  handling  and  study  of  the  rocks  themselves. 

i.  A  fresh  fracture  shows  the  rock  to  he  close-grained,  dull,  with  no  distinct 
structure.^ 

а.  H.  0*5  or  less  up  to  1  ;  soft,  crumbling  or  easily  scratched  with  the  knife,  if  not 

with  the  finger-nail ;  emits  an  earthy  smell  when  breathed  upon,  does  not 
effervesce  with  acid  ;  is  dark  grey,  brown,  or  blue,  perhaps  red,  yellow,  or  even 
white  =  probably  some  clay  rock,  such  as  mudstone,  massive  shale,  or  fire-clay 
{p.  168) ;  or  a  decomposed  felspar-rock,  like  a  close-grained  felsite  or  orthoclase 
porphyry.  If  the  rock  is  hard  and  fissile  it  may  be  shale  or  clay-slate  (p.  169). 

yS.  H.  1*5-2.  Occurs  in  beds  or  veins  (perhaps  fibrous),  white,  yellow,  or  reddish. 
Sp.  gr.  2*2-2 -4.  Does  not  effervesce  =  probably  gypsum  (pp.  107,  193). 

y.  Friable,  crumbling,  soils  the  fingers,  white  or  yellowish,  brisk  effervescence  — 
chalk,  marl,  or  some  pulverulent  form  of  limestone  (pp.  176,  190). 

5.  H.  3-4.  Sp.  gr.  2 *5 -2 *7  ;  pale  to  dark  green  or  reddish,  or  with  blotched  iiiid 
clouded  mixtures  of  these  colours.  Streak  white  ;  feels  soapy  ;  no  efrervescen«6, 
splintery  to  subconchoidal  fracture,  edges  subtranslucent.  See  setpentinf 
(p.  241). 

€.  H.  averagings.  Sp.  gr.  2 *6-2 *8.  White,  but  more  frequently  bluis}irgrey, 

yellow,  brown,  and  black  ;  streak  white  ;  gives  brisk  efiervescence=SQ®i,e  form 
of  limestone  (pp.  176,  190).  < 

H.  3 ‘5-4*5.  Sp.  gr.  2*8-2*65.  Yellowish,  white,  or  pale  brown.  Powder  slowly 
soluble  in  acid  with  feeble  effervescence,  which  becomes  brisker  when  the  acid 
is  heated  with  the  powder  of  the  stone.  See  dolomite  (pp.  107,  193). 

7],  H.  3-4.  Sp.  gr.  3-3*9.  Dark  brown  to  dull  black,  streak  yellow  to  brown, 
feebly  soluble  in  acid,  which  becomes  yclloy^’  ;  occurs  in  nodules  or  beds,  usually 
with  shale  ;  weathers  with  brown  or  blood- red  crust  =  brown  iron-ore.  See 
clay-ironstone  (pp.  107,  187,  194) ;  and  limonite  (pp,  96,  187,  194);  if  the  rock 
is  reddish  and  gives  a  cherry-red  streak,  see  haimatite  (pp.  96,  194). 

б.  Sp.  gr.  2*55.  White,  grey,  yellowish,  or  bluish,  rings  under  the  hammer,  sjdits 

^  In  this  table,  H.  =hardness.  The  scale  of  hardness  usually  ein])loyed  is  1,  Talc;  2, 
Kock-salt  or  gypsum  ;  3,  Calcite  ;  4,  Fluorite  ;  5,  Apatite  ;  6,  Orthoclase  ;  7,  Quartz  ;  8, 
Topaz  ;  9,  Corundum  ;  10,  Diamond.  Sp.  gr.  =  specific  gravity  ;  for  methods  of  determining 
this  character,  see  x).  114. 
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into  thin  plates,  does  not  effervesce,  weathered  crust  white  and  distinct  =  perhaps 
some  compact  variety  of  phonolite  (p.  226.  See  also  felsite,  21«),  and 
dacite,  p.  228). 

c.  Sp.  gr.  2 *9-3 -2.  Black  or  dark  green,  weathered  crust  yellow  or  brown  =  perhaps 
'  some  close-grained  variety  of  basalt  (p.  234),  andesite  (p.  228),  aphanite  (p. 
224),  epidiorite  (p.  224),  or  amphibolite  (p.  252). 

K,  H.  6-6*5,  but  less  according  to  decomposition.  Sp.  gr.  2*55-2*7.  Can  with 
difficulty  be  scratched  with  the  knife  when  fresh.  White,  bluish-grey,  yellow, 
lilac,  brown,  red  ;  white  streak ;  sometimes  with  well-defined  white  weathered 
crust,  no  effervescence  =  probably  a  felsitic  rock  (p.  215). 

\.  H.  7.  Sp.  gr.  2 *5-2 *9.  The  knife  leaves  a  metallic  streak  of  steel  upon  the 
resisting  surface.  The  rock  is  white,  reddish,  yellowish,  to  brow'n  or  black, 
very  finely  granular  or  of  a  horny  texture,  gives  no  reaction  with  acid  =  probably 
silica  in  the  form  of  jasper,  hornstoue,  flint,  chalcedony  (pp.  179,  195),  hiille- 
flinta  (p.  253),  or  adinole  (p.  254). 

ii.  A  fresh  fracture  shows  the  rock  to  be  glassy. 

Leaving  out  of  account  some  glass-like  but  crystalline  minerals,  such  as  quartz  and 
rock-salt,  the  number  of  vitreous  rocks  is  comparatively  small.  The  true  nature  of  the 
mass  in  question  will  probably  not  be  difficult  to  determine.  It  may  be  one  of  the 
Massive  volcanic  rocks  (p.  195  et  seq.).  If  it  occurs  in  association  with  siliceous  lavas 
(liparites,  trachytes)  it  will  probably  be  obsidian  (p.  213),  or  pitchstone  (p.  216)  ;  if  it 
passes  into  one  of  the  basalt-rocks,  as  so  commonly  happens  along  the  edges  of  dykes 
and  intrusive  sheets,  it  is  a  glassy  form  of  basalt  (p.  235).  Each  of  the  three  great 
series  of  ' eruptive  rocks.  Acid,  Intermediate,  and  Basic,  has  its  glassy  varieties  (see 
pp.  196,  213,  227,  235). 

iii.  A  fresh  fracture  shows  the  rock  to  be  crystalline. 

If  the  component  crystals  are  sufficiently  large  for  determination  in  the  field,  they 
may  suggest  the  name  of  the  rock.  Where,  however,  they  are  too  minute  for  identifi¬ 
cation  even  with  a  good  lens,  the  observer  may  recjuire  to  submit  the  rock  to  more 
precise  investigation  indoors,  before  its  true  character  can  be  ascertained.  For  the 
purposes  of  field-work  the  following  points  should  be  noted  : — 

a.  The  rock  can  he  easily  scratched  with  the  knife. 

[a)  Effervesces  briskly  with  acid  =  limestone. 

(5)  Powder  of  streak  effervesces  in  hot  acid.  See  dolomite  (pp.  107,  193). 

(c)  No  effervescence  with  acid  :  may  be  granular  crystalline  gypsum  (alabaster) 
or  anhydrite  (pp.  193,  194). 

The  rock  is  not  easily  scratched.  It  is  almost  certainly  a  silicate.  Its  character 
should  be  .sought  among  the  massive  crystalline  rocks  (p.  195).  If  it  be  heavy, 
appear  to  be  composed  of  only  one  mineral,  and  have  a  marked  greenish  tint, 
it  may  be  some  kind  of  amphibolite  (p.  252) ;  if  it  consist  of  some  white  mineral 
(felspar)  and  a  green  mineral  which  gives  it  a  distinct  green  colour,  while  the 
weathered  crust  shows  more  or  less  distinct  effervescence,  it  may  be  a  fine¬ 
grained  “greenstone,”  diorite  (p.  224),  or  diabase  (p.  233);  if  it  be  grey  and 
granular,  with  striated  felspars  and  dark  crystals  (augite  and  magnetite),  with 
a  yellowish  or  brownish  weathered  crust,  it  is  probably  a  dolerite  (p.  233)  ;  if 
it  show  a  fine  grained  or  finely-crystalline  matrix  in  which  porphyritic  felspars 
are  enclosed,  it  may  be  an  andesite  (p.  228)  ;  if  it  be  compact,  finely  crystalline, 
scratched  with  difficulty,  showing  crystals  of  orthoclase,  and  with  a  bleached 
argillaceous  weathered  crust,  it  may  be  an  orthoclase-porphyry  (p.  218),  or 
quartz-porphyry  (p.  209).  The  occurrence  of  distinct  blebs  or  crystals  of 
quartz  in  the  fresh  fracture  or  weathered  face  will  suggest  a  place  for  the  rock 
in  the  quartziferous  crystalline  series  (granites,  quartz- porphyries,  rhyolites)  ; 
if  the  quartz  is  disposed  in  long  lenticles  coated  with  mica,  the  rock  may  belong 
to  the  gneisses  or  schists  (pp.  244  et  seq.). 
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iv.  A  fresh  fracture  shows  the  rock  to  have  a  foliated  structure. 

The  foliated  rocks  are  for  the  most  part  easily  recognisable  by  the  prominence  of 
their  component  minerals  (p.  244).  Where  the  minerals  are  so  intimately  mingled  as 
not  to  be  separable  by  the  use  of  the  lens,  the  following  hints  may  be  of  service  : — 

CL.  The  rock  has  an  unctuous  feel,  and  is  easily  scratched.  It  may  be  talc-schist, 
chlorite  -  schist  (p.  253),  seiicitic  mica- schist  (p.  255),  or  foliated  serpentine 
(p.  253). 

j3.  The  rock  emits  an  earthy  smell  when  breathed  on,  is  harder  tlian  those  included 
in  a,  is  fine-grained,  dark  grey  in  colour,  splits  with  a  slaty  fracture,  and 
contains  perhaps  scattered  crystals  of  iron-pyrites  or  some  other  mineral.  It 
is  some  argillaceous-schist  or  clay-slate,  the  varieties  of  which  are  named  from 
the  predominant  enclosed  mineral,  as  chiastolite- slate,  andalusite- schist, 
staurolite-slate,  ottrelite-schist,  &c.  (p.  247)  ;  if  it  has  a  silky  lustre  it  ma}^ 
be  a  phyllite. 

y.  The  rock  is  composed  of  a  mass  of  ray -like  or  fibrous  crystals  matted  together. 
If  the  fibres  are  exceedingly  fine,  silky,  and  easily  separable,  it  is  probably 
asbestos  ;  if  they  are  coarser,  greenish  to  white,  glassy,  and  liard,  it  is  prob¬ 
ably  an  actinolite-schist  (p.  252).  As  above  stated  (p.  105),  many  serpentines 
are  seamed  with  veins  of  the  fine  silky  fibrous  chrysotile,  which  is  easily 
scratched. 

d.  The  rock  has  a  hardness  of  nearly  7,  and  splits  with  some  difficulty  along- 

micaceous  folia.  It  is  probably  a  cpiartzose  variety  of  mica-schist,  cpiartz- 
schist,  or  gneiss  (pp.  248,  254,  255). 

e.  Idle  rock  shows  on  its  weathered  surface  lenticles  of  quartz  separated  by  folia 

of  mica  and  plates  or  grains  of  felspar.  It  is  probably  a  mica-  schist  or 
gneiss. 

V.  A  fresh  fracture  shows  the  rock  to  have  a  fragmental  (clastic)  structure. 

Where  the  component  fragments  are  large  enough  to  be  seen  by  the  naked  eye  or 
with  a  lens,  there  is  usually  little  difficulty  in  determining  the  true  nature  and  proper 
naine  of  the  rock.  Two  characters  require  to  be  specially  considered — the  component 
fragments  and  the  cementing  paste. 

1.  The  Fragments. — According  to  the  shape,  size,  and  composition  of  the 
fragments,  different  names  are  assigned  to  clastic  rocks. 

a.  Shape. — If  the  fragments  are  chielly  rounded,  the  rock  may  he  sought  in  the 
sand  and  gravel  series  (p.  160) ;  while  if  they  are  large  and  angular,  it  may  he 
classed  as  a  breccia  (p.  163).  Some  mineral  substances  do  not  acquire  rounded 
_  outlines,  even  after  loiig-continiied  attrition.  Mica,  for  example,  splits  up  into  thin 
laminfe,  which  may  be  broken  into  small  flakes  or  spangles,  hut  never  become  rounded 
granules.  Other  minerals,  also,  which  have  a  ready  cleavage,  are  apt  to  break  up 
along  their  cleavage  -  planes,  and  thus  to  retain  angular  contours.  Calc -spar  is  a 
familiar  example  of  this  tendency.  Organic  remains  composed  of  this  mineral  (such  as 
crinoids  and  echinoids)  may  often  he  noticed  in  a  very  fragmentary  condition,  having 
evidently  been  subjected  to  long- continued  comminution.  Yet  angular  outlines  and 
fresh  or  little-worn  cleavage-surfaces  may  he  found  among  them.  Many  limestones 
consist  largely  of  sub-angular  organic  debris.  Angular  inorganic  detritus  is  character¬ 
istic  of  volcanic  breccias  and  tuffs  (p.  172). 

/3.  Size. — Where  the  fragments  are  hard,  rounded,  or  sub-angular  qiiartzose  grains, 
the  size  of  a  pin’s-head  or  less,  the  rock  is  probably  some  form  of  sandstone  (p.  164). 
Where  they  range  up  to  the  size  of  a  pea,  it  may  be  a  pebbly  sandstone,  fine  con¬ 
glomerate  or  grit ;  where  they  vary  from  the  size  of  a  pea  to  that  of  a  walnut,  it  is  an 
ordinary  gravel  or  conglomerate  ;  wfiiere  they  range  up  to  the  size  of  a  man’s  head  or 
larger,  it  is  a  coarse  shingle,  conglomerate,  or  boulder-hed.  A  considerable  admixture 
of  sub-angular  stones  makes  it  a  hrecciated  conglomerate  or  breccia  ;  but  where  the 
materials  are  loosely  aggregated,  the  deposit  may  be  scree-material  (p.  160)  or  some 
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tlie  material  is  too  compact  for  sueli  treatment,  some  fragments  of  it,  placed  within  folds 
of  paper  upon  a  surface  of  steel,  may  be  reduced  to  powder  by  a  few  smart  blows  of  a 
hammer,  care  being  taken  not  to  grind  the  particles  into  mere  dust.  The  X)Owder  can 
be  sifted  through  sieves  of  varying  degrees  of  fineness  and  the  separate  fragments  may 
be  picked  out  with  a  fine  brush  and  examined  ivith  a  lens.  II  they  are  dark  in  colour 
they  may  he  placed  on  white  paper;  if  light-coloured  they  are  more  readily  observed 
upon  a  black  ])aper.  Portions  of  this  powder  may  bo  carefully  washed  and  mounted 
with  Canada  balsam  on  glas.s,  as  in  the  way  described  below  for  microscoinc  slices.  In 
this  way  the  constituent  minerals  of  many  crystalline  rocks  may  be  isolated  and  studied 
with  great  facility.  For  purposes.of  comparison  specimens  of  the  rock-forming  minerals 
should  be  procured  and  treated  in  a  similar  way.  A  series  of  typical  preparations  of  the 
powder  or  minute  fragments  of  sucli  minerals  affords  to  the  student  an  admirable  basis 
from  which  to  start  in  his  study  of  the  crystallographic  and  optical  characters  of  the 
minerals  which  he  will  reqnire  to  identify  among  the  constituents  of  rocks.  It  is  deserv¬ 
ing  of  notice  that  this  method  of  investigating  the  composition  of  rtjcks  was  first  put  in 
practice  by  Gordier  early  in  the  nineteenth  century.  He  crushed  well-known  minerals  to 
powder  and  studied  tlie  characters  of  their  minute  fragments  with  a  niieroscope.  Pro¬ 
ceeding  next  to  rocks,  lie  was  able  to  identify  the  minerals  composing  many  of  them  and 
to  separate  them  out  from  the  surrounding  matrix.^ 

Another  method  of  isolating  the  several  components  of  certain  rocks  is  by  washing 
the  triturated  materials  in  water  and  allowing  the  sediment  to  subside.  The  finer  and 
lighter  particles  may  he  drawn  off,  while  the  coarser  and  heavier  grains  will  sink  accord¬ 
ing  to  their  respective  specific  gravities,  and  may  then  be  separated  and  collected.  This 
may  he  done  by  meaps  of  a  wide  tube  with  a  stop-cock  at  the  bottom,  or  by  gently 
washing  the  powder  with  water  on  an  inclined  surface,  when,  as  in  the  analogoua  treat¬ 
ment  of  vein -stones  and  ores  in  mining,  the  particles  arrange  themselves  according  to 
their  respective  gravities,  the  lightest  being  swept  away  by  the  ciuTcnt* 

Magnetic  particles  may  be  extracted  with  a  magnet,  the  end  of  wdiioh  is  preserved 
from  contact  with  the  powder  by  being  covered  with  fine  tissue- pa] »er.  An  electro¬ 
magnet  will  at  once  withdraw  the  particles  of  minerals  which  contain  far  too  little  iron 
to  he  ordinarily  recognised  as  magnetic  ;  in  this  way  the  partiebis  of  a  ferruginous 
magnesian  mica  may  in  a  few  seconds  he  gathered  out  of  tlui  powder  of  a  granite.**^ 

Where  the  difference  between  the  specific  gravity  of  the  component  minerals  of  a 
rock  is  slight,  they  may  be  separated  by  means  of  a  solution  of  given  (hmsity.  Mr.  E. 
Sonstadt  proposed  the  use  of  a  saturated  solution  of  iodide  of  mercury  in  iodide  of 
potassium,  which  has  a  maximum  density  of  nearly  Rolirhach’s  solution,  consist¬ 

ing  of  iodide  of  mercury  and  iodide  of  barium,  has  a  density  of  as  mueh  as  3*588.** 
More  serviceable  is  the  solution  of  borotimgstate  of  cadmium,  with  a  density  of  3*28, 
proposed  by  D.  Klein.  °  The  powder  of  a  rock  being  introduced  into  one  of  these  liquids, 
those  i)articles  whose  specific  gravity  exceeds  that  of  the  li([uid  will  sink  to  the  bottom, 
while  those  which  are  lighter  will  float.  This  process  allows  of  the  sciparatiou  of  the 
felspars  from  each  other,  and  at  once  eliminates  the  heavy  minerals  such  as  hornbleiidcj, 
augite  and  black  mica.  By  the  addition  of  water  or  other  licpiid,  as  the  case  may  he, 

*  The  work  of  this  eiiiiueiit  i>ioneer  will  be  found  in  tlie  Jount.  dv  FhjiH.  Ixxxiii.  (1816), 
pp.  135,  285,  352. 

-Mem,  Acad,  des  ScL  xxxii.  No.  11;  Fouque  and  Midiel-Levy,  *  .Mim'i-alogie  Micro- 
grapliiqiie,’  p.  115. 

^  Ohetii.  Kews,  xxix.  (1874),  p.  128. 

Neaes  Jithrb.  1883,  p.  18G. 

^CompL  rend,  xciii.  (1881),  p.  318.  K.  Brauns  intrudiic.ed  methyhmc  iodide,  which 
gives  a  density  of  3*33  and  is  diluted  with  lieiizole.  Xchch  Jahrh.  1885,  ii.  ji.  72.  Sec  also 
J.  W.  lletger.s,  op.cit.  1889,  ii.  p.  18o.  A  heavy  li<]ui<l,  obtained  by  mixing  nitrates  of  silver 
and  thalliuni  in  equal  proportions,  is  preferred  by  some  iietrograjihers. 
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the  specific  gravity  may  be  reduced,  and  different  solutions  of  given  clensit>^ 
employed  for  deternniiing  and  isolating  rock-constituents.^ 

Professor  Sollas  has  devised  an  ingenious  but  simple  method  of  separat 
ascertaining  the  specific  gravity  of  the  mineral  components  of  a  rock.-  A  frag?- 
the  rock  to  be  examined,  about  the  size  of  a  hazel-nut,  is  crushed  to  powder  ia 
way,  sifted,  washed  and  dried.  A  ditfusion  column  is  formed  by  half-filling  a 
with  one  of  the  heavy  solutions,  adding  water  above,  and  allowing  it  to  stand  i 
hours  until  the  column  of  liquid  increases  uniformly  in  density  from  the  toj 
bottom.  Little  indexes  are  then  dropped  into  the  column,  which  may  be  fragr^ 
minerals  or  of  chemically  pure  substances  of  known  density,  or  portions  of  capillai 
tubes  enclosing  a  little  mercury,  the  chief  point  being  that  the  density  of  each  ' 
has  been  accurately  ascertained.  Each  index  will  float  in  that  portion  of  the 
which  agrees  with  it  in  density.  The  eohmin  may  thus  he  divided  by  a  series 
indexes  ;  and  the  minerals  of  the  rock,  suspended  each  in  the  layer  of  its  own 
have  thus  their  respective  sp>ecific  gravities  clearly  indicated. 

Hydrofluoric  acid  may  be  used  in  separating  the  mineral  constituents  of  roeh? 
rock  to  he  studied  is  reduced  to  powder  and  introduced  gently  into  a  platinum 
containing  the  concentrated  acid.  During  the  consequent  effervescence,  the  mi: 
cautiously  stirred  with  a  platinum  spatula.  Some  minerals  are  converted  into  fit 
others  into  fiuosilieates,  while  some,  particularly  the  iron-magnesia  species, 
undissolved.  The  thick  jelly  of  silica  and  alumina  is  removed  with  water, 
crystalline  minerals  lying  at  the  bottom  can  then  be  dried  and  examined.  By 
the  solution  at  different  stages  the  different  minerals  may  he  isolated.  This  i>r 
admirably  adapted  for  collecting  the  pyroxene  of  pyroxenic  rocks. ^ 

§  ii.  Chemical  Analysis."^ 

The  determination  of  the  chemical  composition  of  rocks  by  detailed  analysis 
wet  way,  demands  an  acquaintance  with  practical  chemistry  which  comparative 
geologists  possess,  and  is  consequently  relegated  to  specially  trained  chemists, 
searches  are  most  fruitful  when  they  have  grasped  the  nature  of  the  problems  ora 
these  researches  may  throw  light.  Unfortunately  the  older  analyses  are  markedly 
pi  etc,  and  for  many  purposes  of  little  value,  owing  partly  to  defective  metlicj 
partly  to  the  want  of  recognition  of  the  importance  of  determining  the  preseia. 
proportions  of  many  ingredients  which,  though  occurring  in  minute  quantitiuj 
much  importance  in  many  theoretical  questions.  Among  the  components  of  roc 
separately  estimated  in  these  analyses  when  present  in  small  amounts  were 
acid,  manganese,  chromic  oxide,  strontia,  baryta,  litliia,  phosphoric  acid, '  si.il 
acid,  fluorine,  and  chlorine.  More  detailed  examinations  are  now  conducted, 
modern  analyses  contrast  favourably  with  those  made  less  than  a  generation  ago.  • 

^  Eoiique  and  Miehel-Levy,  ‘  Mineralogie  Micrographique,’  p.  177.  Thoiilet,  /iv# 
Min.  France,  ii.  (1879),  p.  17.  An  ingenious  apparatus  for  isolating  minerals  by  rii 
heavy  solutions  was  designed  by  Mr,  W.  F.  Snieeth,  Sci.  Prve.  Roy.  Dublin.  Sac.  vL 
p.  58.  A  cheap  form  of  instrument  for  the  same  purpose  is  described  by  Mr.  J.  W, 
Geol.  Mag.  1891,  p.  67.  See  also  S.  L.  Penfield,  Amer.  Journ.  Sci.  (1895),  p.  446. 

‘^Mature,  xliii.  (1891),  p.  404;  xlix.  (1893),  p.  211;  liii.  (1895),  p.  199; 
Roy.  Irish  Acad.  xxix.  (1891),  p,  429. 

Fonque  and  Michel-Lcwy,  ‘  Mineral.  Microg.’  p.  116. 

^  The  great  pioneer  work  on  the  chemistry  of  rocks  was  that  of  G.  Bischof,  ‘  CJIj 
Geology,’  translated  for  the  Cavendish  Society,  1854-59,  and  Supplement,  Bonn, 
Another  valuable  work  is  Roth’s  ‘  Allgemeiiie  und  Chemische  Geologie,  ’  Berlin, 
Some  of  the  best  modern  work  in  chemical  geology  will  be  found  in  the  Bulletins  anc: 
publications  of  the  United  States  Geological  Survey.  Further  references  to  autliori- 
this  subject  are  given  in  the  following  pages. 

®  Much  credit  for  its  share  in  this  reform  is  due  to  the  Geological  Survey  of  the  1 
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For  the  adequate  discussion  of  some  theoretical  questions  in  geolo^^y  a  considerable 
acquaintance  with  modern  chemistry  is  necessary.  Although,  as  a  rule,  detailed  cdieinieal 
analysis  lies  out  of  the  sphere  of  a  geologist’s  work,  yet  the  wider  his  knowledge  of 
chemical  laws  and  methods  the  better.  Fie  should  at  least  be  able  to  employ  with 
accirracy  the  simpler  processes  of  chemical  research. 

Treatment  toUh  Acid. — The  geologist’s  accoutrements  for  the  field  should  include  a 
small  bottle  of  powdered  citric  acid,  or  one  with  a  mineral  acid,  and  provided  with  a 
glass  stop})er  prolonged  downwards  into  a  point.  Dilute  hydrochloric  acid  has  been 
commonly  employed;  but  H.  C.  Bolton  proposed  in  1877  the  use  of  organic  acids  in  place 
of  the  usual  mineral  acids.  Citric  acid  is  particularly  serviceable  for  the  purpose,  and 
has  the  advantage  over  the  mineral  acids  that  it  can  be  carried  in  powder,  and  a  strong 
solution  of  it  in  water  ean  be  made  in  such  quantity  and  at  such  time  as  may  be  required. 
A  little  of  the  })Owder  placed  with  the  point  of  a  knife  on  a  surface  of  limestone  and 
moistened  with  a  drop  of  water  will  give  the  proper  reaction.  ^ 

"When  a  drop  of  acid  gives  effervescence  u])on  a  surface  of  rock,  the  reaction  is  caused 
by  the  liberation  of  bubbles  of  carbon  dioxide,  as  this  oxide  is  replaced  by  the  more 
powerful  acid.  Hence  effervescence  is  an  indication  of  the  presence  of  carbonates,  and 
when  brisk  is  specially  characteristic  of  calcium-carbonate.  Limestone  and  markedly 
calcareous  rocks  may  thus  at  once  be  detected.  By  the  same  means,  the  decomposition 
of  such  rocks  as  dolerite  may  be  traced  to  a  considerable  distance  inward  from  the 
surface,  the  original  lime- bearing  silicate  of  the  rock  having  been  decomposed  by 
infiltrating  rain-water,  and  };)artially  converted  into  carbonate  of  lime.  This  carbonate 
being  more  sensitive  to  the  acid-test  than  the  other  carl)onates  usually  to  he  met  with 
among  rocks,  a  drop  of  weak  cold  acid  aufiices  to  produce  abundant  effervescence  even 
from  a  crystalline  face.  But  the  effervescence  becomes  nuieli  imn’O  marked  if  we  apply 
the  acid  to  the  powder  of  the  stone.  For  this  jmrpose,  a  scratch  may  be  made  and  then 
touched  with  acid,  wdieii  a  more  or  le.ss’  copious  discliarge  of  eaiLonic  acid  may  bo 
obtained,  where  otherwise  it  miglit  appear  so  feebly  as  perhaps  (‘.v(‘n  to  escape  observa¬ 
tion.  Some  carbonates,  dolomite  Tor  (jxaniplc,  are  hardly  affected  by  acid  until  it  is 
heated.  This  is  done  by  placing  some  fragments  of  the  substance  at  the  bottom  of  a 
test-tube,  covering  them  with  acid  and  applyiiig  a  flame. 

It  is  a  convenient  method  of  roughly  estimating  the  purity  of  a  limestone,  to  place  a 
fragment  of  the  rock  in  acid.  If  there  is  much  impurity  (clay,  sand,  oxiihj  of  iron,  t'tc.), 
this  will  remain  behind  as  an  insoluble  residue,  and  may  then  b(i  furldier  tested  chemi¬ 
cally,  or  examined  wdth  the  microscope.  In  this  Avay  many  limestones  among  the 
crystalline  schists  may  he  dissolved  in  acetic  add,  leaving  a  residiuj  of  ])y]*oxeiu‘.s, 
ampliiboles,  micas  or  other  silicates.  Of  course  the  acid,  especially  if  strong  mineral 
acid  is  employed,  may  attack  some  of  the  non -calcareous  constituents,  so  that  it  cannot 
be  concluded  that  the  residue  absolutely  represents  everything  jiresent  in  the  rock  except 
the  carbonate  of  lime  ;  but  the  proportion  of  non-caleareous  matter  so  dissolved  by  the 
acid  will  nsually  he  small. 

Further  chemical ^n'ocesscs. — A  thorough  chemical  analysis  of  a  rock  or  mineral  is 
indispensable  for  the  elucidation  of  its  composition.  But  there  are  several  processes  by 

States  and  the  very  able  chemists  of  its  laboratory,  Mr.  F.  W.  Clark(*,  Dr.  W.  F.  Ililhjbrand, 
and  their  assistants.  They  published  an  excellent  arcoiint  of  their  analytical  methods  in 
1897  {B.  U.  S.  G.  /S'.  No.  148),  which  has  since  been  enlarged  into  a  separate  luouoir  with  the 
title,  “Some  Principles  and  Methods  of  Ro<'k  Analysts,”  by  Wb  F.  Jlillcliraud  ( B.  U.  /S'.  G.  /S’. 
No.  176,  1900,  p.  114.  The  student  who  desires  to  uiidertalu;  tin*  <letailc(l  clieniie.al 
examination  of  rocks  will  find  this  an  invaluable  treatise  for  his  guidance.  O’Ikj  gnjater 
detail  and  accuracy  of  the  American  analyses  justifies  a  much  larger  ciialinn  of  iliem  than 
lias  hitlierto  been  given. 

^  Ann.  Agio  lorh  Acoxl.  Sci,  i.  (1879),  p.  1.  OIu'ni.  Ab'/cs,  xxxvi.,  xx.wii.,  xxxviii., 
xliii. 
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wliiclij  until  that  complete  analysis  has  been  made,  the  geologist  may  add  to  his  know¬ 
ledge  of  the  chemical  nature  of  the  objects  of  his  study.  It  is  commonly  the  case  that 
minerals  about  which  he  may  be  doubtful  are  precisely  those  which,  from  their  small 
size,  are  most  difficult  of  separation  from  the  rest  of  the  rock  preparatory  to  analytical 
processes.  The  mineral  apatite,  for  example,  occurs  in  minute  hexagonal  prisms,  which 
on  cross-fracture  might  be  mistaken  for  nepheline,  or  even  sometimes  for  (piartz.  If, 
however,  a  drop  of  nitric  acid  solution  of  molybdate  of  ammonia  he  jdaced  upon  one  of 
these  crystals,  a  yellow  precipitate  will  appear  if  it  he  apatite.  Nepheline,  which  is 
another  hexagonal  mineral  likewise  abundant  in  some  rocks,  gives  no  yellow  precipitate 
with  the  ammonia  solution  ;  while  if  a  drop  of  hydrochloric  acid  be  put  over  it,  crystals 
of  chloride  of  s^odium  or  common  salt  will  he  obtained.  These  reactions  can  be  observed 
even'with  minute  crystals  or  fragments,  by  placing  them  on  a  glass  slide  under  the 
microscope  aiid  using  an  exceedingly  attenuated  pipette  for  dropping  the  liquid  on 
the  slide.^ 

Two  ingenious  applications  of  chemical  processes  to  the  determination  of  minute 
fragments  of  minerals  are  now  in  xrse.  In  one  of  these,  devised  by  Boricky^-  liydro- 
liuosilicic  acid  of  extreme  purity  is  employed.  This  acid  decomposes  most  silicates,  and 
forms  from  their  bases  h'ydrolluosilicatcs.  A  particle  about  the  size  of  a  pin’s-head  of 
the  mineral  to  be  examined  is  fixed  by  its  base  upon  a  thin  layer  of  Canada  balsam 
spread  upon  a  slip  of  glass,  and  a  drop  of  the  acid  is  placed  upon  it.  The  preparation 
is  then  set  in  moist  air  near  a  saucer  of  water  under  a  bell-glass  for  twenty-four  liours, 
after  wdiich  it  is  enclosed  in  dry  air,  with  chloride  of  calcium.  In  a  few  hours  the 
hydrofluosilicates  crystallise  out  upon  the  balsam  and  can  he  examined  with  the 
microscope.  Those  of  potassium  take  the  form  of  cubes,  of  sodium  hexagonal 
prisms,  &c. 

The  second  process,  devised  by  Szaho,  consists  in  utilising  the  colorations  given  to 
the  flame  of  a  bunsen-burner  by  sodium  and  potassium.  An  elongated  splinter  of  the 
mineral  to  be  examined  is  first  placed  in  the  outer  or  oxidising  part  of  the  flame  near 
the  base,  and  then  in  the  reducing  part  further  up  and  nearer  the  centre.  The  amount 
of  sodium  present  in  the  mineral  is  indicated  by  the  extent  to  which  the  flame  is  coloured 
yellow.  The  potassium  is  similarly  estimated,  hut  the  flame  is  then  looked  at  with 
cohalt  glass,  so  as  to  eliminate  the  influence  of  the  sodium.*" 

Mow-pipe  Tests. — The  chemical  tests  with  the  blow-pipe  are  simple,  easily  applied, 
and  require  only  patience  and  practice  to  give  great  assistance  in  the  determination  of 
minerals.  If  unacquainted  with  blow-pipe  analysis,  the  student  must  refer  to  one  or 
other  of  the  numerous  text-books  on  the  subject,  some  of  which  are  mentioned  below. 

^  All  excellent  treatise  on  the  chemical  examination  of  minerals  under  the  uiieroseope  is 
that  by  MM.  Klemeiit  and  Kenard,  ‘Reactions  inicrocherniques  a  crlstaux  et  leur  application 
en  analyse  qualitative,’  Brussels,  1886.  See  also  H.  Behrens,  Ann.  Mole  Poly  technique  de 
Delft,  i.  1885,  p.  176  ;  Neim  Jahvh.  vii.  Beilage  Band,  p.  435  ;  Mitsch.f.  Analyt.  Chemie. 
XXX.  ii.  p.  126-174  (1891);  also  his  ‘Manual  of  Microcliemical  Analysis,’ translated  into 
English,  London,  1894;  and  the  work  of  MM.  Miehel-Levy  and  Lacroix  (cited  on  next  page), 
chap.  viii. 

Archiv  N'aturwiss.  LandesdiLvchforschung  mn  Bohmeiu  iii.  fasc.  3,  1876  ;  ‘Elemente 
einer  iieiien  chemiscli-mikroskopisclien  Mineral-  und  Gesteiiisanalyse,  ’  Prag,  1877.  Also 
Michel-Levy  and  Lacroix,  p.  123. 

^  Szaho,  ‘Uelxer  eine  neue  Methode  die  Felspathe  aucli  in  Gesteinen  zu  hestimmeu,’ 
Buda-Pest,  1876. 

^  Tlie  great  work  on  the  blow-pipe  is  piattiier’s,  of  which  an  English  translation  has  been 
published  by  Chatto  and  Winclus.  Elderliorst’s  ‘  Manual  of  Qualitative  Blow-pipe  Analysis 
and  Determinative  Mineralogy,’  by  H.  B.  Nason  and  C.  F.  Chandler  (Philadelphia:  N.  8. 
Porter  and  Coates),  is  a  smaller  hut  useful  volume  ;  while  still  less  pretending  are  Scheerer’s 
‘Introduction  to  the  Use  of  the  Mouth  Blow-pipe,’  of  which  a  thirtl  edition  by  H.  F.  Blandford 
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For  early  practice  the  following  apparatus  will  he  iouiid  sutlicieiit 

1.  Blow-pipe. 

2.  Thick -wicked  candle,  or  a  tin  box  filled  with  the  material  of  Child’s  night-lights, 
and  furnished  with  a  piece  of  Freyberg  wick  in  a  nietallie  support. 

3.  Platinum-tipped  forceps. 

4.  k  few  pieces  of  platinum  ^\ire  in  lengths  of  three  or  four  inches. 

5.  A  few  pieces  of  platinum  foil. 

6.  Some  pieces  of  charcoal. 

7.  A  number  of  cdosed  and  open  tubes  of  hard  glass. 

8.  Three  small  stoppered  bottles  containing  .sodium-carbonate,  borax,  and  micro¬ 
cosm  ic  salt. 

9.  Magnet. 

This  list  can  be  increased  as  experience  is  gained.  Tin*  wholes  ap[iaratuH  may  easily 
be  packed  into  a  box  which  will  go  into  the  corner  of  a  portmanteau. 

'  §  iii.  Che7tilcal  ki/nfJie.sis. 

As  already  remarked  (p.  88),  much  interesting  light  has  been  thrown  on  the  natural 
conditions  in  which  minerals  and  rocks  have  been  formed,  by  actual  experiments  in 
which  these  bodies  are  reproduced  artilieially.  Since  the  classic  ex})cviments  of  Hall 
much  progress  has  been  made  in  this  subject,  notably  from  the  researches  of  the  late 
Professor  Daubree  and  of  Messrs.  Fouqiie  and  Michel -Levy,  Doeltcr  and  Hussak, 
Morozewicz,  Vogt  and  others.  To  some  of  tlni  re.sults  obtained  by  tlicse  observers 
reference  will  be  made  in  Book  III.  Part  I.  Sect.  iv.  The  processes  of  investigation  have 
been  grouped  in  three  classes : — 1st,  Those  by  the  ‘  dry  way,’4is  in  fusion  and  .sublimation, 
sometimes  simply,  sometimes  with  the  intervention  of  a  mineralising  agent  such  as  borax, 
borates,  fluorides,  chlorides,  &c  ;  2nd,  Those  by  the  ‘wet  way,’  where  water  or  steam, 
at  ordinary  pressures  and  teTnperature.s,  are  used  as  dissolvents  either  by  tliems(dves  or 
with  the  aid. of  some  mineralising  agent ;  and  8rd,  Those  where  souk*,  combination  of  tlu' 
two  foregoing  methods  is  ei|i ployed— that  is,  where  water  or  steam  is  made  to  act  at  a 
high  temperature  and  under  great  pressure.^ 

^  iv.  Mirrascopic  liivenfiffatidfi A 

The  value  of  the  mioro.sco])e  a.s  an  aid  in  geological  research  is  now  (iverywlu'ro 
acknowledged.  Some  information  may  here  be  given  as  to  the  ineibods  of  i>r()ce<lure  in 
microscopical  inquiry.  The  method  of  cutting  thin  slices  of  miiKU’als  was  devised  l)y 

was  published  in  1875  by  P.  Norgate  ;  and  ‘Practical  Blow-pipe  Assaying,’  l)y  G.  Atiwood 
(London  :  Sampson,  Low  and  Co.).  An  admirable  work  of  reftuviKUj  will  l)e  found  in  Professor 
Brush’s  ‘Manual  of  Determinative  Mineralogy’  (New  York  :  d.  Wiley  and  Son  ;  London  : 
Triilmer),  which  has  gone  througli  fourteen  editions.  F.  v.  Kobcll’s  ‘dAfeln  ztir  Bestimmung 
der  Mineralien  ’  (Munich)  are  ii.seful ;  a  French  edition  by  Pisani  was  ])nbliHbe<l  by 
Eoth.schild,  Pari.s,  1879.  A  valuable  sunmiary  is  given  in  Professor  ('()1(*’h  ‘Aids  in 
Practical  Geology,’  3rd  edit.  1898. 

^  See  on  tins  sul)ject  Daulnve’s  great  work,  ‘Gfologie  Expdrimentale,’  ]«S79  ;  Foiiquc  and 
Michel-Lcvy,  ‘Synthese  des  Mineraiix  et  des  Uoehes,’  1882;  Sianislas  Meiinier,  ‘  Fa's 
Metliodes  de  Synthese  en  Mhu-ralogie,’  1891  ;  also  i^o.sAv/,,  j).  398  r/  sn/. 

-  The  microscopic  investigation  of  rocks  has  given  rise  to  a  souu-.what  voluminous 
literature.  The  following  list  of  works  may  be  useful  to  the  student  :—Zirkel,  ‘  Lelirbueh 
der  Petrographie,’  2ml  edit.  3  vols.  Leipzig,  1893-94.  RoseubiiHeh,  ‘  Mikro.skopiselif  IMiysio- 
graphie  der  Mineralien  mid  Gesteiue,’  2  vols.  3r(l  edit.  Stuttgart,  1.89f;  ;  also  the  Fnglisb 
translation,  ‘Microscopical  Phy.siography  of  the  Uock-forining  Minerals,’ by  ,1.  \\  Iddings, 
Srd  edit.  1893,  New  York  and  London;  and  his  ‘ lliilfstabcllen  ziir  Mik ro.sk opischeii 
Miiieralbestiiiiniung,’  1888;  English  translation  by  F.  II.  Hateli.  Fompif  ami  Micliel-Li'vy, 

‘ Mintnalogie  Micrographiqiie,’  2  vols.  Paris,  1879.  Midiel-L.'vy  and  La<Toi.\,  ‘  la-;  Mim'niux 
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William  Nieol  of  EJinbiu-gh,  the  same  ingenious  mechanician  to  ivlioin  wo  ovve  the 
prism  of  Iceland  spar  named  after  him.  He  applied  it  in  the  hret  instance  to  the 
exaniiuatiL  of  fossil  ivood.>  More  than  a  quarter  of  a  century  elapsed  before  Mr. 
Sorby  coming'  to  Edinburgh  and  seeing  some  of  the  sections  of  nuiierals  prepaied  by 
Nicol’and  lifs  friend  Alexander  Bryson,  recognised  the  vast  a-ssistance  which  this 
method  of  investigating  rocks  might  be  made  to  yield  to  geology.  At  last  he  published 
his  oreat  paper  “On  the  Microscopical  Structure  of  Cry.stals,”  in  which  the  applioaUons 
of  the  method  were  for  the  first  time  disclosed,  and  which  may  be  said  to  have  entirely 

revolutionised  the  study  of  rocks.-  i  ^ 

1  Preparation  of  Microscopic  Slides  of  Bocks  and  Minerals.— The  observer  ought 
to  he  able  to  prepare  his  own  slices,  ’and  in  many  cases  will  find  it  of  advantage  to  do  so, 
or  at  least  personally  to  superintend  their  preparation  by  others.  It  is  desirable  that  he 
should  know  at  the  outset  that  no  costly  or  unwieldy  set  of  apparatus  is  needful  for  his 
purpose.  If  he  is  resident  in  one  place  and  can  accominddate  a  cutting  machine,  such 
as  a  lapidary’s  lathe,  lie  will  find  the  process  of  preparing  rock-slices  greatly  facilitated.** 
The  thickness  of  each  slice  must  be  mainly  regulated  by  the  nature  of  the  rock,  the  rule 
being  to  make  the  slice  as  thin  as  can  conveniently  be  cut,  so  as  to  save  labour  in 
grinding  down  afterwards.  Perhaps  the  thickness  of  a  shilling  may  be  taken  as  a  fair 
averager  The  operator,  however,  may  still  further  reduce  tliis  thickness  by  cutting  and 
polishing  a  face  of  the  specimen,  cementing  that  on  glass  in  the  way  to  be  immediately 
described,  and  then  cutting  as  close  as  possible  to  the  cemented  surface.  The  thin  slice 
thus  left  on  the  glass  can  then  be  ground  down  with  comparative  ease. 


des  Roches/  1888;  ‘Tableau  des  Mineraux  des  Roches,’  1889.  F.  Rutley,  ‘Study  of 
Rocks/  London,  1879;  ‘Rock-forming  Minerals,’  1888.  J.  J.  PI.  Teall,  ‘British  Petro¬ 
graphy,’ London,  1888.  A.  Harker,  ‘ Petrology  for  Students,’ 2nd  edit.  Cambridge,  1897. 
Cole’s  ‘Aids  in  Practical  Geology,’  above  referred  to.  L.  Cayeux,  ‘  Contribution  a  I’fitiide 
micrographique  des  Terrains  sedimentaires,’  Lille,  1897.  Besides  these  and  many  other 
separate  works,  hundreds  of  memoirs  and  papers  dealing  with  particular  districts  or  rocks 
will  be  found  in  the  various  scientific  journals,  Transactions  of  Societies,  Reports  and 
Monographs  of  Geological  Surveys.  Some  of  the  more  important  or  suggestive  of  these 
essays  will  be  cited  in  the  following  pages.  A  valuable  series  of  photographic  reproductions 
of  the  structure  of  typical  rocks  has  been  prepared  by  Cohen.  ‘Bammliing  von  Microphoto- 
grafien  von  Mineralien  uiid  Gesteine,  ’  Stuttgart,  1881  sc</.  ;  ehroniolithographed  plates 

have  been  published  by  Berwerth,  ‘  Mikroskopische  Strukturbilder  der  Massengesteine,  ’ 
Stuttgart,  1895  et  seq. 

^  Witham’s  ‘Fossil  Vegetables,’  small  4to,  Edinlnirgh,  1881.  This  w'ork,  dedicated  to 
Nieol,  contains  the  first  published  account  by  him  of  Ids  invention. 

-  Brit.  Assoc.  1856,  Sect.  p.  78.  Q.  J.  (A  H.  xiv.  1858  ;  Mkr,  Joicm.  xvii.  (1887), 
p.  113. 

"*  A  machine  well  adapted  for  both  cutting  and  polishing  was  devised  some  years  figo  by 
Mr.  J.  B.  Jordan,  and  maybe  had  of  Messrs.  Cotton  and  Johnson,  Gerrard  Street,  Soho, 
London,  for  £10  : 10^.  Another  slicing  and  polishing  machine,  invented  by  Mr.  P.  Cuttell, 
costs  £6  : 10s.  These  machines  are  too  unwieldy  to  be  carried  about  the  country  by  a  field- 
geologist.  Fuess  of  Berlin  supplies  two  small  and  convenient  hand-instruments,  one  fur 
slicing,  the  other  for  grinding  and  polishing.  The  slicing-machine  is  not  quite  so  satisfactory 
for  hard  rocks  as  one  of  the  larger,  more  solid  forms  of  appai'atiis  worked  by  the  treadle. 
But  the  grinding-machine  is  useful,  and  might  be  added  to  a  geologist’s  outfit  without 
material  inconvenience.  If  a  lapidary  is  wdtliin  reach,  much  of  the  more  irksome  part  of  the 
work  may  be  saved  by  getting  him  to  cut  off  the  thin  slices  in  directions  marked  for  him 
upon  the  specimens.  Many  lapidaries  now  undertake  the  whole  labour  of  cutting  and 
mounting  microscopic  slides  ;  and  where  exceedingly  thin  and  even  slices  are  required,  it  is 
better  to  entrust  the  work  to  one  of  the  best  of  these  experts,  who  liave  mechanical  appliances 
and  experience  such  as  the  amateur  cannot  rival. 


n 


I 


DETERMINATION  OF  ROCKH 


121 


SECT,  iii  §  iv 


Excellent  rock-sections,  however,  may  be  prepared  without  any  machine,  provided 
the  operator  possesses  ordinary  neatness  of  hand  and  patience.  He  must  lu'ocure  as  thin 
chips  as  possible.  Should  the  rocks  be  accessible  to  him  in  the  field,  lie  should  select 
the  freshest  portions  of  them,  and  by  a  dexterous  use  of  the  hammer  break  off  from  a 
sharp  edge  a  number  of  thin  splinters  or  chips,  out  of  which  he  can  choose  one  or  more 
for  rock-slices.  These  chips  may  be  about  an  inch  square.  It  is  well  to  take  several  of 
them,  as  the  first  specimen  may  chance  to  be  spoiled  in  the  preparation.  The  geologist 
ought  also  always  to  carry  off  a  piece  of  the  same  block  from  which  his  chip  is  taken, 
that  he  may  have  a  specimen  of  the  rock  for  future  reference  and  comparison.  Every 
such  hand-specimen,  as  well  as  the  chips  belonging  to  it,  ought  to  bo  wrapped  U])  in 
paper  on  the  spot  where  it  is  obtained,  and  with  it  should  be  placed  a  label  containing 
the  name  of  the  locality  and  any  notes  that  may  be  thought  necessary.  It  can  liardly 
be  too  frequently  reiterated  that  all  such  field-notes  ought  as  far  as  possible  to  be 
written  down  on  the  ground,  when  the  actual  facts  are  h<3fore  the  eye  for  examination. 

Having  obtained  his  thin  slices,  either  by  having  them  slit  with  a  machine  or  by 
detaching  with  a  hammer  as  thin  splinters  as  possible,  the  operator  may  proceed  to  the 
preparation  of  them  for  the  microscope.  For  this  purpose  the  following  simple  apparatus 
is  all  that  is  absolutely  needful,  thoirgh  if  a  grinding-niacliine  be  addcid  it  will  save 
time  and  labour. 

List  of  Apimratus  rcqaircfl  in  the  Prcpamtlon  of  Thin  Slices  cf  Rocks  cml  Minerals 
for  Microscopiail  Ileamination. 

1.  A  east-iron  plate  |;-inch  thick  and  9  inches  squai’e. 

2.  Two  pieces  of  plate-glass,  9  inches  square. 

3.  A  Water  of  Ayr  stone,  6  inches  long  by  2^  inches  broad. 

4.  Coarse  emery  (1  lb.  or  so  at  a  time). 

5.  Fine  or  flour-emery  (ditto). 

6.  Putty  powder  (1  oz.). 

7.  Canada  balsam.  (There  is  an  excellent  kind  prepared  by  Rionniiigtoii,  Bradford, 
specially  for  microscopic  preparations,  and  sold  in  shilling  bottles.) 

8.  A  small  forceps,  and  a  common  sewing-needle  with  its  head  iixed  in  a  cork. 

9.  Some  oblong  jiieces  of  common  Hat  window-glass  ;  2  x  1  inche.s  is  a  (•.nnveiiient 
size. 

10.  Glasses  with  ground  edges  for  mounting  the  slices  upon.  They  may  be  had  at 
any  chemical-instrument  maker’s  in  different  sizes,  the  cominoiiest  in  thi.s  country  being 
3x1  inches,  though  this  size  is  rather  too  long  for  convenient  handling  on  a  rotating 
stage. 

11.  Thin  covering-glasses,  square  or  round.  These  are  sold  by  the  ounce  ;  J  oz.  will 
be  sufficient  to  begin  with. 

12.  A  small  bottle  of  spirits  of  wine. 

The  first  part  of  the  process  consists  in  rubbing  down  and  polishing  one  side  of  the 
chip  or  slice,  if  this  has  not  already  been  done  in  cutting  off  a  slice  affixed  to  glass, 
as  above  mentioned.  "We  place  the  chip  upon  the  wlieel  of  the  grinding-maidiine,  or, 
failing  that,  upon  the  iron  plate,  with  a  little  coarse  emery  and  water.  If  the  c.lii})  is 
so  shaped  that  it  can  be  conveniently  pressed  by  the  finger  against  the  plate  and  kept 
there  in  regular  horizontal  movement,  we  may  proci'ed  at  once  to  rub  it  down.  If, 
how^ever,  w'e  find  a  difficulty,  from  its  small  size  or  otluu’wise,  in  liolding  tin*,  tdiip,  one 
side  of  it  may  be  fastened  to  the  end  of  a  boldiin  or  other  convenient  hit  of  w'ood  by 
means  of  a  cement  formed  of  three  parts  of  resin  and  om*,  of  hee.swax,  whicdi  i.s  c-asily 
softened  by  heating.  A  little  practice  will  show  that  a  slow,  lapiable  motion  with  a 
certain  steady  pressure  is  most  effectual  in  producing  the  desire<l  flatness  of  surface. 
When  all  the  roughnesses  have  been  removed,  which  can  lie  told  after  the  chip  lia.s  licen 
dippied  in.  water  so  as  to  remove  the  mud  and  emery,  we  place  the  spiiciiiKm  upon  tlie: 
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square  of  plate-glass,  and  with  hour-emery  and  water  continue  to  rub  it  down  until  all 
the  scratches  caused  by  the  coarse  emery  have  been  removed  and  a  smooth  polished 
surface  has  been  produced.  ^  Care  should  be  taken  to  wash  the  chip  entirely  free  of  any 
grains  of  coarse  emery  before  the  polishing  on  glass  is  begun.  It  is  desirable  also  to 
reserve  the  glass  for  polishing  only.  The  emery  gets  finer  and  finer  the  lonpr  it  is 
used,  so  that  by  remaining  on  the  plate  it  may  be  used  many  times  in  succession.  Of 
course  the  glass  itself  is  w'orn  down ;  but  by  using  alternately  every  portion  of  its  surface 
and  on  both  sides,  one  plate  may  be  made  to  last  a  considerable  time.  If  after  drying 
and  examining  it  carefully,  we  find  the  surface  of  the  chip  to  he  polished  and  free  from 
scratches,  we  may  advance  to  the  next  part  of  the  process.  But  it  will  often  happen 
that  the  surface  is  still  finely  scratched.  In  this  case  w'e  may  place  the  chip  upon  the 
Water  of  Ayr  stone  and  with  a  little  water  gently  rub  it  to  and  fro.  It  should  be  held 
quite  flat.  The  Water  of  Ayr  stone,  too,  should  not  be  allowed  to  got  worn  into  a 
hollow,  but  should  also  be  kept  quite  fiat,  otherwise  we  shall  lose  part  of  the  chip.^ 
Some  soft  rocks,  however,  will  not  take  an  nnscratched  surface  even  with  the  Water  of 
Ayr  stone.  These  may  be  finished  with  putty  powder,  applied  v/ith  a  hit  of  woollen  rag. 

The  desired  flatness  and  polish  having  been  secured,  and  all  trace  of  scratches  and 
dirt  having  been  completely  removed,  we  proceed  to  a  further  stage,  which  consists  in 
grinding  down  the  opposite  side  and  reducing  the  chip  to  the  requisite  degree  of  thin¬ 
ness.  The  first  step  is  now  to  cement  the  polished  surface  of  the  chip  to  one  of  the 
pieces  of  common  glass.  A  thin  piece  of  iron  (a  common  shovel  does  quite  well)  is 
heated  over  a  fire,  or  is  placed  betw^een  two  supports  over  a  gas-flame.*^  On  this  plate 
must  be  laid  the  piece  of  glass  to  which  the  slice  is  to  he  affixed,  together  with  the  slice 
itself.  A  little  Canada  balsam  is  dropped  on  the  centre  of  the  glass  and  allowed  to 
remain  until  it  has  acquired  the  necessary  consistency.  To  test  this  condition,  the  ])oint 
of  a  knife  should  be  inserted  into  the  balsam,  and  on  being  removed  should  be  rapidly 
cooled  by  being  pressed  against  some  cold  surface.  If  it  soon  becomes  hard  enough  to 
resist  the  pressure  of  the  finger-nail,  it  has  been  sufficiently  heated.  (Jare,  however, 
must  be  observed  not  to  let  it  remain  too  long  on  the  hot  plate  ;  for  it  will  then  become 
brittle  and  start  from  the  glass  at  some  future  stage,  or  at  least  will  break  away  from 
the  edges  of  the  chip  and  leave  them  exposed  to  the  risk  of  being  frayed  off.  The  heat 
should  be  kept  as  moderate  as  possible,  for  if  it  becomes  too  great  it  may  injure  .some 
portions  of  the  rock.  Chlorite,  for  example,  is  rendered  quite  opaque  if  the  heat  is  so 
great  as  to  drive  off  its  water. 

®  m 

AVhen  the  balsam  is  found  to  be  ready,  the  chip,  which  has  been  warmed  on  the* 
same  plate,  is  lifted  with  the  forceps,  and  laid  gently  down  upon  the  balsam.  It  is 
well  to  let  one  end  touch  the  balsam  first,  and  then  gradually  to  lower  the  other,  as  in 
this  way  the  air  is  driven  out.  With  the  point  of  a  needle  or  a  knife  the  chip  should 
be  moved  about  a  little,  so  as  to  expel  any  bubbles  of  air  and  promote  a  firm  cohesion 
between  the  glass  and  the  stone.  The  glass  is  now  removed  with  the  force])8  from  tin* 
plate  and  put  upon  the  table,  and  a  lead  weight  or  other  small  heavy  object  is  placed 
upon  the  chip,  so  as  to  keep  it  pressed  down  until  the  balsam  has  cooled  and  hardened. 
If  the  operation  has  been  successful,  the  slide  ought  to  be  ready  for  further  treatment  as 
soon  as  the  balsam  has  become  cold.  If,  however,  the  balsam  is  still  soft,  the  glass  niiist 
be  again  placed  on  the  plate  and  gently  heated,  until,  on  cooling,  the  balsam  fulfils  the 
condition  of  resisting  the  pressure  of  the  finger-nail. 

^  Exceedingly  impalpable  emery  powder  may  be  obtained  by  stirring  some  of  the  fhle^t 
emery  in  water,  and  after  the  coarse  particles  have  subsided,  pouring  oft'  the  licpiid  and 
allowing  the  fine  suspended  dust  gradually  to  sul)side.  Filtered  and  dried,  the  residue  can 
be  kept  for  the  more  delicate  parts  of  the  polishing. 

^  A  piece  of  wire  -  gauze  idaced  over  the  flame,  with  an  interval  of  an  inch  or  more 
between  it  and  the  overlying  thin  iron  plate,  by  diffusing  the  heat  prevents  the  balsam  from 
being  unequally  heated. 
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Having  now  j[jrodnced  a  firm  nnion  of  the  chip  and  the  glass,  we  proceed  to  rub  down 
the  remaining  side  of  the  stone  with  coarse  emery  on  the  iron  plate  as^  before.  If  the 
glass  cannot  be  held  in  the  hand  or  moved  by  the  simple  pressure  of  the  fingers,  which 
usually  suffices,  it  may  be  fastened  to  the  end  of  the  bobbin  with  the  cement  as  before. 
When  the  chip  has  been  reduced  until  it  is  tolerably  thin — until,  for  example,  light 
appears  through  it  when  held  between  the  eye  and  the  window, — we  may,  as  before,  w'ash 
it  clear  of  the  coarse  emery  and  continue  the  reduction  of  it  on  the  glass  plate  witli  fine 
emery.  Crystalline  rocks,  such  as  granite,  gneiss,  diorite,  dolerite,  and  modern  lavas, 
can  be  thus  reduced  to  the  re([uired'  thinness  on  the  glass  plate.  Softer  rocks  may 
require  gentle  treatment  with  the  Water  of  Ayr  stone. 

The  last  parts  of  the  process  are  the  most  delicate  of  all.  We  desire  to  make  the 
section  as  thin  as  possible,  and  for  that  purpose  continue  rubbing  until  after  one  final 
attempt  we  may  perhaps  find  to  our  dismay  that  great  part  of  the  slice  lias  disappeared. 
The  utmost  caution  should  be  used.  The  slide  shouhl  be  kept  as  fiat  as  possible,  and 
looked  at  frequently,  that  the  first  indications  of  disruption  may  be  detected.  The 
thinness  desirable  or  attainable  depends  in  great  measure  upon  the  nature  of  the  rock. 
Transparent  minerals  need  not  be  so  much  reduced  as  more  opaque  ones.  Some 
minerals,  indeed,  remain  absolutely  opaque  to  the  last,  like  pyrite,  magnetite,  and  ilmenite. 

The  slide  is  now  ready  for  the  microscope.  It  ought  always  to] be  examined  with 
that  instrument  at  this  stage.  We  can  thus  see  whether  it  is  thin  enough,  and  if  any 
chemical  tests  are  required  they  can  readily  be  applied  to  the  exposed  surface  of  the 
slice.  If  the  rock  has  proved  to  he  very  brittle,  and  we  have  only  succeeded  in  procur¬ 
ing  a  thin  slice  after  much  labour  and  several  failures,  nothing  further  should  be  done 
with  the  preparation,  unless  to  cover  it  with  glass,  as  will  be  immediately  explained, 
which  not  only  protects  it,  hut  adds  to  its  transparency.  But  where  the  slice  is  not  so 
fragile,  and  Avill  bear  removal  from  its  original  rough  scratched  piece  of  glass,  it  should 
be  transferred  to  one  of  the  glass-slides  (No.  10).  For  this  purpose,  the  prei)aration  is 
once  more  placed  on  the  warm  iron  plate,  and  close  alongside  of  it  is  put  one  of  the 
pieces  of  glass  which  has  been  carefully  cleaned,  and  on  the  middle  of  which  a  little 
Canada  balsam  has  been  dropped.  The  heat  gradually  loosens  the  cohesion  of  the  slice, 
which  is  then  very  gently  pushed  with  the  needle  or  knife  along  to  the  contiguous 
clean  slip  of  glass.  Considerable  practice  is  needed  in  this  part  of  the  work,  as  the 
slice,  being  so  thin,  is  apt  to  go  to  pieces  in  being  transferred.  A  gentle  inclination  of 
the  warm  plate,  so  that  a  tendency  may  be  given  to  the  slice  to  slip  downwards  of  itself 
on  to  the  clean  glass,  may  he  advantageously  given.  We  must  never  attenq)t  to  lift 
the  slice.  All  shifting  of  its  position  should  be  performed  with  the  point  of  the  needle 
oi’j other  sharp  instrument.  If  it  goes  to  pieces  wc  may  yet  be  able  to  pilot  the  frag¬ 
ments  to  their  resting-place  on  the  balsam  of  the  new  glass,  and  the  resulting  slide  may 
be  sufficient  for  the  required  purpose. 

When  the  slice  has  been  .safely  conducted  to  the  centre  of  the  glass  slip,  wc  put  a 
little  Canada  balsam  over  it,  and  warm  it  as  before.  Then  taking  one  of  the  thin  cover- 
glasses  with  the  forceps,  w'e  allow  it  gradually  to  rest  upon  the  slice  by  letting  down  . 
first  one  side,  and  then  by  degrees  the  whole.  A  few  gentle  circular  movements  of  the 
cover-glass  with  the  ])oint  of  the  needle  or  forceps  may  be  needed  to  ensure  tlie  total 
disappearance  of  air-bubbles.  When  these  do  not  appear,  and  when,  as  before,  we  fimk 
that  the  balsam  has  acquired  the  proper  degree  of  consistence,  the  slide  containing  the 
slice  is  removed,  and  jdaced  on  the  table  with  a  small  lead  weight  above  it  in  the  same 
way  as  already  described.  On  becoming  (|uite  cold  and  hard,  the  superabundant  balsam 
round  the  edge  of  the  cover-glass  may  be  scraped  off  with  a  knife,  and  any  which  still 
adheres  to  the  glass  may  be  removed  Avith  a  little  spirits  of  Avine.  Small  labels  should 
be  kept  ready  for  affixing  to  the  slides  to  mark  localities  and  reference  numbers.^  Thus 
labelled,’ the  slide  may  be  put  aAvay  for  future  study  and  comparison. 


1  ‘VV'here  a  number  of  slides  are  being  prepared  at  once,  it  is  conveiiieiit  to  distinguish 
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The  whole  process  seems  perhaps  a  little  tedious.  But  in  reality  iiiiich  ot  it  is  so 
mechanical,  that  after  tlie  mode  of  inaiiipulation  has  been  learnt  by  a  little  expeiieiice, 
the  rubbing-down  may  be  done  while  the  operator  is  reading.  Thus  in  the  evening, 
when  enjoying  a  pleasant  book  after  his  day  in  the  field,  he  may  at  the  same  time,  aftei 
some  practice,  rub  down  his  rock-chips,  and  thus  get  over  the  drudgery  of  the  operation 
almost  unconsciously. 

Boxes,  with  grooved  sides  or  with  flat  trays  for  carrying  microscopic  slides,  are  .sold 
in  different  sizes.  Such  boxes  are  most  convenient  for  a  travelling  ecpiipage,  as  they  go 
into  small  space,  and  with  the  help  of  a  little  cfotton-wool  they  hold  the  glass  slides 
firmly  without  risk  of  breakage.  For  a  final  resting-place,  a  case  with  shallow  trays  or 
drawers  in  which  the  slides  can  lie  fiat  is  noost  convenient. 

2.  The  Microscope. — Unless  the  observer  propose.s  to  enter  into  great  detail  in  tlie 
investigation  of  the  minuter  parts  of  rock-structure,  he  does  not  require  a  large  and 
expensive  instrument.  For  most  geological  purposes,  objectives  of  2,  1,  and  J  iiudi 
focal  length  are  sufiicient.  But  it  is  desirable  also  for  special  work,  such  as  the 
investigation  of  crystallites  and  inclusions  of  minerals,  to  have  an  objective  capable  of 
magnifying  up  to  200  or  300  diameters.  An  instrument  with  fairly  good  lenses  of 
low  powers,  according  to  the  arrangement  of  object-glasses  and  eye-])ieccs,  may  be  bad 
of  some  London  makers  for  £5.  But  for  some  of  the  most  important  parts  of  the 
microscopical  study  of  rocks,  a  rotating  stage  is  requisite,  the  presence  of  which 
necessarily  adds  to  the  cost  of  the  instrument.  One  of  the  best  microscopes  specially 
adapted  for  petrographical  research  is  that  devised  by  Mr.  A.  Dick,  and  manufactured 
by  Swift  and  Son,  of  81  Tottenham  Court  Koad,  London,  price  £18  without  objectives.^ 
Another  instrument  for  petrographical  work  is  constructed  by  the  Bausch  and  Lomb 
Optical  Company,  Rochester,  New  York.- 

Among  the  indispensable  adjuncts  are  two  Nicol-prisms,  one  (polariser)  to  be  litted 
below  the  stage,  the  other  (analyser)  most  advantageously  jilaced  over  the  eye-piecc.  A 
<iuartz-wedge  is  useful  in  examination  with  polarised  light.  A  nose-piece  for  two 
objectives,  screwed  to  the  foot  of  the  tube,  saves  time  and  trouble  by  enabling  the 
observer  at  once  to  pass  from  a  low  to  a  high  power.  The  numerous  ])ieces  of  ap])aratus 
necessary  for  physiological  work  are  not  needed  in  the  examination  of  rocks  and 
minerals. 

3.  Methods  of  Examination. — A  few  hints  may  be  here  given  for  the  guidance  of 
the  student  in  making  his  own  microscopic  observations,  hut  he  must  consult  some  of 
the  special  treatises  mentioned  on  p.  119,  for  full  details. 

Reflected  Light — It  is  not  infrequently  desirable  to  observe  with  the  microscope  the 
characters  of  a  rock  as  an  opaque  object.  This  cannot  usually  be  done  with  a  broken 
fragment  of  the  stone,  except  of  course  with  very  low  powers.  Hence  one  of  the  most 
useful  preliminary  examinations  of  a  prepared  slice  is  to  place  it  in  the  held,  and, 
throwing  the  mirror  out  of  gear,  to  converge  as  strong  a  light  upon  it  as  can  bo  had, 
short  of  bright  direct  sunlight.  The  observer  can  then  see  some  way  into  the  rock  and 
observe  the  relative  thicknesses  and  forms  of  its  constituents.  The  advantage  of  this 
method  is  particularly  noticeable  in  the  case  of  opaque  minerals.  The  sulphides  and 
iron-oxides  so  abundant  in  rocks  appear  as  densely  black  objects  with  transmitted  light, 
g-nd  show  only  their  external  form.  But  by  throwing  a  strong  light  upon  their  surface, 
we  may  often  discover  not  only  their  distinctive  colours,  hut  their  characteristic  internal 
structure.  Titaniferous  iron  is  an  admirable  examjde  of  the  advantage  of  this  method. 
Seen  with  transmitted  light,  that  mineral  appears  in  black,  structureless  grains  or 

them  by  engraving  their  numbers  with  a  glazier’s  diamond  on  the  glass.  They  are  thus  not 
liable  to  be  confounded. 

^  ^Lineral.  Mag.  vol.  viii.  p.  160.  A  full  description  of  the  instrument  by  Mr.  Dick  is 
sold  by  Messrs.  Swift  and  Son. 

-  G.  H.  Williams,  Amer.  Journ.  Set  xxxv.  (1888),  p.  114. 
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opaque  patches,  though  frequently  bounded  by  definite  lines  and  angles.  But  with 
reflected  light,  the  cleavage  and  lines  of  growth  of  tlie  mineral  can  then  often  be  clearly 
seen,  and  what  seemed  to  be  uniform  black  patches  are  found  in  many  case.s  to  enclose 
bright  brassy  kernels  of  pyrite.  Magnetite  also  presents  a  characteristic  blue-black 
colour,  which  distinguishes  it  from  the  other  iron  ores. 

Transmitted  LigJiL — It  is,  of  course,  with  the  light  allowed  to  pass  through  prepared 
slices  that  most  of  the  microscopic  examination  of  minerals  and  rocks  is  performed.  A 
little  experience  will  show  the  learner  that,  in  viewing  objects  in  this  way,  he  may 
obtain  somewhat  different  results  from  two  slices  of  the  same  rock  according  to  their 
relative  thinness.  In  the  thicker  one,  a  certain  mineral  or  rock,  obsidian  for  example, 
will  appear  perhaps  brown  or  almost  black,  while  in  the  other  what  is  evidently  th(‘ 
same  substance  may  be  pale  yellow,  green,  brown,  or  almost  colourless.  Triedinic* 
felspars  seen  in  polarised  light  give  only  a  i)ale  milky  light  when  extremely  thin,  but 
present  bright  chromatic  bauds  when  somewhat  thicker. 

Polarised  Light. — By  means  of  polarised  light,  an  exceedingly  delicate  method  of 
investigation  is  made  available.  We  use  both  the  Nicol-prisms.  If  the  object  be.  .singly- 
refracting,  such  as  a  piece  of  glass,  or  au  amorphous  body,  or  a  crystal  belonging  to 
some  substance  which  crystallises  in  the  isometric  or  cubic  system  (or  if  it  be  a  tetragonal, 
hexagonal  or  rhombohedral  crystal,  cut  perpendicular  to  its  principal  axis),  the  light 
will  reach  our  eye  a[)parently  unaffected  by  the  intervention  of  the  object.  Tlui  field 
will  remain  dark  when  the  axes  of  the  two  prisms  are  at  right  angles  (crossed  Nicols),  iu 
the  same  way  as  if  no  intervening  object  were  there.  Such  bodies  are  isoiroplc.^  In 
all  other  cases,  the  substance  is  doubly-refracting  and  modifies  the  polarist*d  beam 
of  light.  On  rotating  one  of  the  prisms,  we  perceive  bands  or  flashes  of  colour,  and 
numerous  lines  appear  whicli  before  were  invisible.  The  field  no  longer  remains  dark 
when  the  two  Nicol-prisms  are  crossed.  Such  a  substance  is  anisotro2)ic. 

It  is  evident,  therefore,  that  we  may  readily  tell  by  this  means  whether  or  not  a 
rock  contains  any  glassy  constituent.  If  it  does,  then  that  portion  of  its  mass  will 
become  dark  when  the  prisms  are  crossed,  while  the  crystalline  parts  which,  in  the  vast 
majority  of  cases,  do  not  belong  to  the  cubic  system,  will  remain  eonspicnious  by  their 
brightness.  A  thin  plate  of  (|uartz  makes  this  se]>aration  of  the  glassy  and  crystalline 
parts  of  a  rock  even  more  satisfactory.  It  is  placed  between  the  Kictol-iirisms,  which 
may  be  so  adjusted  with  reference  to  it  that  the  field  of  the  microscope  appear.s  uniformly 
violet.  The  glassy  portion  of  any  rock,  being  singly-refracting  or  isotropic,  placed  on 
the  stage  will  allow  the  violet  light  to  pass  through  unchanged,  hut  the  crystalline 
portions,  being  doubly-refracting  or  anisotropic,  will  alter  the  violet  light  into  other 
prismatic  colours.  The  object  should  be  rotated  in  the  field,  and  the  eye  siiould  he  kept 
steadily  fixed  upon  one  portion  of  the  slide  at  a  time,  so  that  any  change  may  be  observed. 
This  is  an  extremely  delicate  test  for  the  presence  of  glassy  and  crystalline  constituents. 

In  searching  for  the  crystallographic  system  to  which  a  mineral  iu  a  microseo}>ic 
slide  should  be  referred,  attention  is  given  to  the  directions  in  whitdi  the  mineral  placed 
between  crossed  Kicols  appears  dark,  or  to  what  are  called  the  directions  of  its  extinc¬ 
tion.  It  is  extinguished  (that  is,  the  normal  darkness  of  the  held  between  the  cro.ssed 
Nicols  is  restored)  when  two  of  its  axes  of  elasticity  for  vibrations  of  light  coincide  with 
the  principal  sections  of  tlie  two  prisms.  During  a  complete  rotation  of  the  slide  in  the 
field  of  the  niicroscoi)e  the  mineral  becomes  dark  in  four  positions  90"  aj)art,  <taeh  ol' 
which  marks  that  coincidence.  When,  on  the  other  hand,  tlie  prisms  are  placed  paralhd 
to  each  other,  the  coincidence  of  their  principal  sections  with  the  axes  of  clasticitj'  in 
the  mineral  allows  the  maximum  of  light  to  pa.ss  througl),  whirdi  likewise  occnirs  four 

^  But  the  efiect  of  pressure-strain  may  give  weak  colour-tints  iu  glasses  and  in  ctihic 
crystals.  Professor  Joly  has  devised  au  improved  method  of  identifying  c.rysials  in  roek- 
sections  by  the  use  of  birefringence,  *Sci.  Proc.  Ruii.  hiihlin  Jdor.  ix.  Part  iv.  Xo.  87  (1901). 
See  also  the  work  of  MM.  Micliel- Levy  and  Lacroix,  cited  on  p.  119. 
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times  in  a  complete  rotation  of  the  mineral.  The  different  crystallographic  systems  are 
distinguishable  by  the  relation  between  their  crystallographic  axes  and  their  axes  of 
elasdcity  By  noting  this  relation  in  the  case  of  any  given  mineral  (and  there  arc 
usually  sections  enough  of  each  mineral  in  the  same  rock -si ice  to  furnish  the  required 
datl)  its  crystalline  system  may  be  fixed.  But  in  many  cases  it  has  been  found  possible 
to  establish  characteristic  distinctions  for  individual  mineral  species,  by  noting  tlie 
angle  between  tlie  direction  of  their  extinction  and  certain  principal  dices. 

”The  determination  of  whether  the  component  grains  of  a  rock  belong  to  uniaxial  or 
biaxial  doubly-refractiug  minerals  is  a  point  of  much  importance,  which  is  eltected  by 
means  of  an  achromatic  condenser  inserted  in  the  aperture  of  the  stage  below  the  slide 
and  suitably  adjusted  so  as  to  converge  the  rays  of  light  within  the  grain  or  crystal.  The 
Xicols  having  been  crossed,  the  eye-piece  is  removed,  and  the  eye  when  held  a  little 
distance  from'’ the  open  end  of  the  tube  will  perceive  adark  bar,  ring,  or  cross  move  across 
the  field  as  the  stage  is  rotated,  if  the  mineral  examined  has  been  cut  at  a  favourable 
angle.  Bv  the  form  and  behaviour  of  these  indications  the  uniaxial  or  biaxial  character 
is  made  evident. 

Fleochroisiii{Dichroisiii).— Borne  minerals  show  a  change  of  colour  when  a  Nicol- 
prism  is  rotated  below  them  ;  hornblende,  for  example,  exhibiting  a  gradation  from  deep 
hrouii  to  dark  yellow.  A  mineral  presenting  this  change  is  said  to  be  pleocliroio 
(polycliroic,  dichroic,  tricliroic).  To  ascertain  the  pleocliroisin  of  any  mineral  we 
remove  the  upper  polarising  prism  (analyser)  and  leave  only  the  lower  (polariser).  If 
as  we  rotate  the  latter,  no  change  of  tint  can  be  observed,  there  is  no  pleochroic  mineral 
present,  or  at  least  none  which  shows  pleochroism  at  the  angle  at  which  it  has  been 
bisected  in  the  slice.  But  in  a  slice  of  any  crystalline  rock,  crystals  may  usually  be 
observed  which  offer  a  change  of  hue  as  the  prism  goes  round.  These  are  exam  piles  of 
pleochroism.  This  behaviour  may  he  used  to  detect  the  mineral  constituents  of  rocks. 
Thus  the  two  minerals  hornblende  and  augite,  which  in  so  many  respects  resemble  each 
other,  cannot  always  he  distinguished  by  cleavage  angles,  in  microscopic  slices.  But  as 
Tschermak  pointed  out,  augite  remains  passive,  or  nearly  so,  as  the  lower  prism  is  rotated  : 
it  is  not  pleochroic,  or  only  very  feebly  so  ;  while  hornblende,  on  the  other  liand, 
especially  in  its  darker  varieties,  is  usually  strongly  pleochroic.  It  is  to  be  observed, 
however,  that  the  same  mineral  is  not  always  equally  pleochroic,  and  that  the  absence 
of  this  property  is  therefore  less  reliable  as  a  negative  test,  than  its  presence  is  as  a 
positive  test. 

It  would  be  beyond  the  scope  of  this  volume  to  enter  into  the  complicated  details  of 
the  microscopic  structure  of  minerals  and  rocks.  This  information  must  be  sought  in 
some  of  the  works  specially  devoted  to  it,  a  few  of  which  are  cited  at  p.  119. 

In  his  examination  of  rocks  with  the  microscope,  the  student  may  find  an  advantage 
in  propounding  to  himself  the  following  questions,  and  referring  to  tlie  pages  here 
cited. 

1st,  Is  the  rock  entirely  crystalline  (pp.  127,  188,  195),  consisting  solely  of  crystals  of 
different  minerals  interlaced  ;  and  if  so,  what  are  these  minerals  ?  2iid,  Is  there  any  trace 
of  a  glassy  ground-mass  or  base  (pp.  131,  147)  ?  Should  this  be  detected,  the  rock  is 
certainly  of  volcanic  origin  (pp.  213,  227,  235).  3rd,  Can  any  evidence  he  found  of  the  de¬ 
vitrification  of  what  may  have  been  at  one  time  the  glassy  basis  of  the  whole  rock  ?  This 
devitrification  might  be  showm  by  the  appearance  of  numerous  microscopic  hairs,  rods, 
bundles  of  featlier-like  irregular  or  granular  aggregations  (p.  148).  4th,  In  what  order 
did  the  minerals  crystallise  ?  This  may  often  be  made  out  with  a  microscope,  as,  for 
instance,  where  one  mineral  is  enclosed  within  another  (p.  146).^  5th,  What  is  the 
nature  of  any  alteration  which  the  rock  may  have  undergone  ?  In  a  vast  number  of 

^  It  is  possible,  however,  that  a  crystal  enclosed  within  another  may  sometimes  have 
crystallised  there  out  of  a  portion  of  the  surrounding  magma  of  the  rock  which  has  been 
enclosed  within  the  larger  crystal  {posted,  p.  146). 
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cases  t]ie  slices  sliow  abiiudaiit  evidence  of  sucli  alteration  :  felspar  })assiii^^  into 
granular  kaolin,  augite  cliaiiging  into  yirklite,  olivine  into  serpentine,  wliile  secondary 
cal  cite,  epidote,  (piartz,  and  zeolites  run  in  minute  veins  or  fill  up  interstices  of  the 
rock  (pp.  452-459).  6tli,  Is  the  rock  a  fragmental  one  ;  and  if  so,  what  is  the  nature  of 
its  component  grains  (p.  160  et  scq.)  ?  Is  any  trace  of  organic  remains  to  he  detected  ? 

Sect.  iv. — General  Outward  or  Megascopic  (Macroscopic)  Characters  of  Eocks.^ 

'^1.  Structure.*’ — The  different  kinds  of  rock-structures  distinguishable 
by  the  unaided  eye  are  denoted  either  by  ordinary  descriptive  adjectives, 
or  by  terms  derived  from  rocks  in  which  the  special  structures  are 
characteristically  developed,  such  as  granitoid,  brecciated,  shaly.  It 
must  be  borne  in  mind,  however,  that  the  external  character  of  a  rock 
does  not  always  supply  us  with  its  true  internal  structure,  which  may  be 
gained  only  by  microscopic  examination.  This  is  of  course  more  especi¬ 
ally  true  of  the  close-grained  kinds,  where  to  the  naked  eye  no  definite 
structure  is  discernible.  Some  of  the  definitions  originally  founded  on 
external  appearance  have  been  considerably  modified  ])y  microscopic 
investigation.  Many  compact  rocks,  for  instance,  have  been  proved  to 
be  wholly  crystalline. 

The  same  rock-mass  may  show  very  different  structures  and  textures 
in  different  parts  of  its  extent.  This  is  true  alike  of  sedimentary  and 
igneous  materials.  In  the  several  portions  of  one  continuous  mass  of 
erupted  rock,  variations  in  the  rate  of  cooling,  in  temperature,  and  other 
circumstances  have  combined  to  produce  sometimes  the  most  extra¬ 
ordinary  textural  and  even  structural,  as  well  as  chemical  and  minera- 
logical  contrasts.'^  Hence  the  student  must  he  on  his  gxiard  against 
concluding  that  two  portions  of  rock  strikingly  unlike  each  other  in 
outward  aj)pearance  cannot  be  portions  of  one  original  continuous  mass. 

J  Crystalline  (Pharierocrystalline),  consisting  wholly  or  chiefly  of 
crystalline  particles  or  crystals.  If  the  whole  of  the  su])stanco  of  the 
original  rock  has  assumed  crystalline  forms,  whether  or  not  these  forms 
are  bounded  by  crystalline  faces,  the  structure  is  known  as  Jwlucrydallhw. 
The  term  por].)hyriticAiohc'ryst((Ili'iie  has  been  applied  by  Jiosenbusch  to 
rocks  having  a  finely  crystalline  base  in  which  porphyritic  crystals  arc 

^  The  meanings  of  terms  are  generally  more  or  less  fully  explained  in  peirographical 
text-hooks.  Special  treatises  on  thi.s  subject,  however,  have  been  i)rcpared.  Hee,  I’or  (example, 
the  “Lexique  Petrographiqne,  ”  prepared  by  ProfeKsor  Loewinson-LesHiiig  and  ])ul)liHbed 
in  the  Oo-Jiipt.  rend,  of  the  8th  Session  of  the  International  Geological  Congres.s,  JViris 
”1901. 

-  Ill  the  3rd  edition  of  Jukes’  ‘Student’s  Manual  of  Geology  ’  (1871 ),  p.  93,  it  was  jiro- 
posed  to  reserve  the  term  “Btrueture”  for  large  leatiin‘s,  such  as  characterise  roelc -hi ocks, 
audio  use  the  term  “Texture”  for  the  minuter  characters,  sucIi  a.s  can  Im  Jinlged  of  in  hand 
specimens.  M.  I)e  Lappareut  makes  a  similar  distinction  (‘Traitc,’  P-  619,  //(dr).  Hut  Uk-! 
practice  of  using  the  word  structure  as  it  is  employed  above  in  tin*,  text,  has  reccivtsl  sueh  a 
support  from  the  petrogi-apher.s  of  Germany,  that  though  1  still  think  it  would  be*  jindcr- 
able  to  distinguish  lietweeii  teAn/r  and  A/'ucfjur,  I  have  adopted  what  has  now  tlu;  smiction 
•of  common  usage. 

‘‘  See  posted,  p.  710  et  se//.  ;  G.  F.  Beeker,  Amer.  Jour/i.  Art.  xxxiii.  (1887),  p.  50. 
J.  H.  L.  Vogt,  Ceol.  Foren.  Forhd/Ld.,  Btoekholni,  xiii.  (1891). 
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imbedded  Ch'ijsicdline-granular  denotes  a  l)ase  or  ground-mass  of  this 
kind  in  which  the  whole  of  the  ingredients  have  crystallised  mostly  m 
allotriomorphic  forms,  with  no  glassy  base  between  them.  Where  the 
individual  constituents  are  of  large  size,  the  structure  is  cfmw.<rpsfalime 
(gramtic),  as  in  many  granites.  When  the  particles  are  readily  visil)le 
to  the  naked  eye,  and  are  tolerably  uniform  in  size,  as  in  marble,  many 
oranites  and  dolomites,  the  rock  is  said  to  be  granular  crystallme.  Suc¬ 
cessive  stages  in  the  diminution  of  the  size  of  the  particles  may  be  traced 
until  these  are  no  longer  recognisable  with  the  naked  eye,  and  the 
structure  must  then  be  resolved  with  the  microscope  (Jiiie-cri/daUine,  inicro- 
crystalline,  cryptocrystalline).  Fine-grained  rocks  may  also  be  called  rornjnai, 
though  this  term  is  likewise  applicable  to  the  more  close-grained  varieties 
of  the  fragmental  series.  The  microscopic  characters  of  such  rocks  should 
always  be  ascertained  v/here  possible.^ 

Many  crystalline  rocks  consist  entirely  or  mainly  of  a  magma  or  paste, 
the  true  nature  of  which  it  may  be  impossible,  except  from  analogy, 
to  determine  megascopically.  Such  a  ground-mass  may  be  entirely 
composed  of  minute  crystals,  or  partly  of  glass  and  partly  of  minerals 
that  have  crystallised  out  of  the  glass,  or  wholly  of  various  crystallitic 
products  of  devitrification  with,  or  without  (p.  129)  phenocrysts  of  earlier 
consolidation.  Its  intimate  structure  can  only  be  ascertained  with  the 
microscope.  But  its  existence  is  often  strikingly  manifest  even  to  the 
unassisted  eye,  for  in  what  are  termed  “  porphyries  ”  it  forms  a  large 
part  of  their  mass.  The  term  ground-mass'^  is  employed  to  denote 
this  megascopic  matrix.  (See  pp.  141-156.) 

Lithoid,  compact  and  stony  in  aspect,  in  opposition  •  to  vitreous; 
with  no  distinct  crystalline  structure.  The  term  is  especially  applied  to 
the  devitrified  condition  of  once  glassy  rocks,  such  as  obsidians,  which 
have  assumed  the  character  of  perlites  or  rhyolites. 

Granitic  (Granitoid),  thoroughly  crystalline-granular,  consisting  of 
crystals  or  crystalline  grains  approximately  uniform  in  size,  as  in  granite. 
This  structure  is  characteristic  of  many  eruptive  rocks.  Though  usually 
distinctly  recognisable  by  the  naked  eye  (‘‘  macromerite of  Vogelsang-), 
it  sometimes  becomes  very  fine  micromerite  ”),  and  may  be  only 
recognisable  with  the  microscope  as  thoroughly  crystalline  (micrograiiitic)  ; 
at  other  times  it  passes  into  a  porphyritic  or  porphyroid  character  b}"  the 
appearance  of  large  crystals  dispersed  through  a  general  ground-mass. 

Pegmatitic  (Pegmatoid,  Graphic,  Granophyric),  exhibiting  the 
peculiar  arrangement  of  crystalline  constituents  seen  in  pegmatite  or 
graphic  granite  (p.  206),  where  the  quartz  and  felspar  have  crystallised 
simultaneously,  so  as  to  be  enclosed  within  each  other.’^  This  structure 
may  be  seen  on  a  large  scale  in  many  massive  veins  of  pegmatite  ;  where 
it  takes  an  exceedingly  minute  form  it  is  known  as  micropeg matitic 

^  Outlie  crystallisation  of  igneous  rocks  see  J.  P.  Iddings,  lUill.  Phil,  Washijigp/u,  xl 
(1889)  p.  71. 

^  Z.  1).  O.  G.  xxLv.  p.  584. 

This  structure  is  grouped  by  Zirkel  with  a  number  of  others  (spherulitic,  oolitic,  &c. )  as  an 
“  implication  structure,”  ‘  Lehrbuch,’  i.  p.  469. 


SIOT.  IV  - 


MEGASCOPIC  aPARAUTEm  OF  ROCKS 


i29 


(Eig.  4).  ^^  Siioh  microscopic  intergro 
aeteristic  of  largo  masses  of  eruptive 
rock  (micropegmatite,  granopbyre)4 

Aphanitic,  a  name  given  to  the 
very  dose  texture  exhibited  by  some 
igneous  rocks  (diabases,  diorites) 
where  the  component  ingredients 
cannot  }3e  determined  except  with 
the  microscope. 

Porphyritic,  composed  of  a 
compact  or  finely  crystalline  ground- 
mass,  through  which  larger  crystals 
of  earlier  consolidation,  known  as 
jphmocrydSj  often  of  felspar,  are  dis¬ 
persed  (Fig.  5).-  This  and  the 
granitic  structure  are  the  two  great 
structure-types  of  the  eruptive  rocks. 
By  far  the  largest  number  of  these 
rocks  belong  to  the  porphyritic 
thrown  mnch  light  on  the  nature  ' 


of  (piartz  and  felsp)ar  is  chai‘- 


Rij;.  4.— MieroiK-giiuit  itic  Stxu<*Uive.  Graiiopiyro, 
Mull. 

type.  Microscopic  research  has 
d  the  ground-mass  of  porphyritic 


Fjfi.  .3.-- PoriUiyritic*.  Structtii’f*.  (Nut.  .siz<\) 

rocks.  Vogelsang  proposed  to  classify  these  rocks  in  three  divisions:'* 
1st,  Grajo^hyre,  where  the  ground-inass  is  a  microscopic  crystalline 

^  The  late  U.  H.  Williams  proposed  tlVat  thetenn.s  “poikilitic  and  niicropoiki liti  c 
lio  einploytid  for  rack -structures,  wlictlier  primary  or  .secondary,  conditioned  by  comparatively 
large  iiidiviilual.s  of  one  ininttral  enveloping  smaller  individuals  of  other  minerals,  which 
have  no  regular  arrangement  in  re.spect  to  one  another  or  to  tlieir  ho.st.”  The  structure  in 
question  is,  in  a  certain  seu.se,  intermediate  between  granular  or  microgranitie.  and  graphic  or 
niicropegmatitic. 

-  Iddiiig.s,  BiiU,  P/ilO  SiM\  WashhifftOK,  ii.  (l<S89j,  p.  78;  Wliitiiuin  (Jro.ss,  Ann. 
Hep.  [\S.ff.  A  (1892-93),  p.  232;  Pir.s.soii,  Jotcr,  BcL  vii.  (189rt),  ]>.  2/2.  TJio 

varioii.s  .sigiiilicatioiLs  attach e<l  to  the  term  Poipliyritic  are  well  (li.scii,sse<l  hy  Zirkel  in  his 
*  Jjehrhiicb,’  i.  p.  465  ct  sr.(/. 

^  Togelsang,  Itic.  cit.  (jonipare  the  ela.s.siticatiou  l>y  Foiujue  aiul  IVlicliel-Lc^'y,  p.  196. 
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mixture  of  the  component  minerals  with  absence  or  sparing  develop¬ 
ment  of  an  imperfectly  individualised  magma  (see  p. 

Felmlun-e  having  usually  an  imperfectly  individualised  or  felsitic 
magma  for  the  ground-mass  (pp.  149,  152) ;  3rd,  Vitrophyre,  where 
the  ground-mass  is  a  glassy  magma  (pp.  147,  153).  The  second  sub¬ 
division  embraces  most  of  the  porphyries,  and  a  very  large  imnaber  ot 
eruptive  rocks  of  all  ages.^  The  name  Porphyroid  has  been  applied  to 
such  widely  different  rocks  that  it  is  not  now  much  in  use.  By  Losseu 
it  was  given  to  certain  schistose,  fibrous  and  porphyritic  rocks  belonging 
to  the  acid  series  of  the  crystalline  schists,  intermediate  between  hiille- 
flinta  and  gneiss.^  It  has  also  been  applied  to  metamorphosed  sediment¬ 
ary  rocks,  to  coarse  gneisses  and  granites,  and  to  tuffs  .showing  a 
porphyritic  structure. 

Segregated. — In  granite  and  other  crystalline  massive  rocks,  vein- 
like  portions,  coarser  (or  finer)  in  texture  than  the  rest  of  the  mass,  may 
he  observed.  These  belong  to  the  last  phase  of  consolidation,  when 
segregations  from  the  original  molten  or  viscous  magma  took  place) 
along  certain  lines  or  round  particular  centres,  where  the  individual 
minerals  crystallised  out  from  the  general  mass.  They  have  been 
sometimes  termed  “segregation,’'  or  “exudation”  veins.  They  are  to 
be  distinguished  from  the  veins,  usually  of  finer  and  more  acid  material, 
which  ramify  through  a  mass  of  igneous  rock  and  probably  represent 
portions  of  the  original  molten  magma  which  remained  still  liquid  and 
were  injected  into  rente  of  the  already  consolidated  parte.  (See  “(k>n~ 
temporaneous  Veins,”  p.  741.) 

G-ranular. — This  term  has  been  somewhat  loosely  applied  to  any 
rocks  composed  of  approximately  equal  grains,  these  grains  being 
sometimes  clastic  fragments,  as  in  greywacke  and  sandstone,  sometimos 
crystalline  particles,  as  in  granite  and  marble.  A§  applied  to  igneous 
rocks  it  is  now  used  either  by  itself  or  with  the  prefix  crystalline^  to 
denote  the  holocrystalline  character  of  such  rocks  as  granite  (see  above, 
p.  128).  The  granular  texture  may  become  so  fine  as  to  pass  insensibly 
into  compact.^  The  peculiar  granular  structure  found  so  abundantly 
among  metamorphic  rocks  which  have  been  intensely  crushed,  and  in 
which  there  seems  to  have  been  a  process  of  re-crystallisation  among 
the  powdered  particles,  has  been  termed  granulitic  (p.  258).  This 
word,  however,  is  liable  to  the  objection  that,  while  in  England  and  in 
Germany  it  is  applied  to  rocks  bearing  that  structure,  in  France  it  is 
used  for  a  holocrystalline  granite."^ 

^  According  to  Rosenbuseh  tlie  porphyritic  massive  rocks  are  those  in  which,  during 
the  different  stages  of  their  production,  the  same  minerals  have  been  formed  more  than 
once,  yems  Jahrh.  1882  (ii.),  p.  14. 

~  Z.  D.  (?.  G.  xxi.  (1869),  p.  329.  See  p.  254. 

^  As  applied  to  massive  (eruptive)  rocks,  Rosenbusch  would  restrict  the  term  granular 
to  those  in  which  each  individual  constituent  separated  out  during  hut  one  definite  stage  of 
the  process  of  rock-building.  Loc.  cit.  On  the  use  of  this  terra,  see  Whitman  Cross,  UtJt 
Ann.  Rep,  U.  S.  G.  S.  (1892-93),  p.  232. 

^  Michel-L6vy,  Ann.  des  Mines,  viii.  (1875),  p.  387  ;  ‘Structure  et  Classification  des 
Roches  eruptives,’  1889,  p.  14  ;  postea,  pp.  196,  205. 
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Yitreous  or  glassy,  having  a  structure  like  that  of  artificial  glass, 
as  in  obsidian.  Among  crystalline  eruptive  rocks  there  is  often  present  a 
variable  amount  of  an  amorphous  ground-mass,  which  may  increase  until 
it  forms  the  main  part  of  the  substance.  The  nature  of  this  amorphous 
portion  is  described  at  pp.  147,  153.  Its  original  condition  has  been  that 
of  a  volcanic,  glass,  now  more  or  less  devitrified.  Most  vitreous  rocks  pre¬ 
sent,  even  to  the  naked  eye,  dispersed  grains,  crystals,  or  other  enclosures. 
Under  the  microscope,  they  are  found  to  be  often  crowded  with  minute 
crystals  and  imperfect  or  incipient  crystalline  forms  (p.  148).  Itesinous 
is  the  term  applied  to  vitreous  rocks  having  the  lustre  of  pitchstone,  and 
to  others  which  are  still  less  vitreous.  Devitrification  is  the  conversion 
of  the  vitreous  into  a  crystalline  or  lithoid  structure  (pp.  148,  154). 

Streaked,  arranged  in  streaky  inconstant  lines  either  parallel  or  con¬ 
vergent,  and  often  undulating  (Fluctuationstructur).  This  structure, 
conspicuously  shown  by  the  lines  of  flow  in  vitreous  rocks  (how-structure, 
fluxion-structure,  fluidal  structure),  is  less  marked  where  the  materials 
have  assumed  definite  crystalline  forms.  It  can  be  seen  on  a  minute 
scale,  however,  in  many  crystalline  masses  when  examined  with  the 
mi^oscope  (p.  153).^ 

Banded,  arranged  in  parallel  bands  (schlieren),  distinguished  from  each 
other  by  colour,  texture,  structure  or  composition  ;  characteristic  of  many 
gneisses,  of  some  large  masses  of  ga])bro  where  the  rock  appears  to  have 
come  from  a  heterogeneous  magma,  and  of  jaspers,  hints,  hiillehintas  and 
other  hinty  rocks.  This  term  may  often  he  applied  to  the  flow-structin‘c  of 
igneous  rocks  referred  to  in  the  previous  paragraph,  likewise*  to  the  segre¬ 
gation  veins  of  eruptive  bosses  and  sheets,  and  to  the  parallel  arrangement 
of  materials  produced  in  rocks,  which,  under  intense  mechanical  pressure, 
have  been  crushed  and  sheared.  With  the  naked  ey(3  it  is  often  hardly 
possible  to  distinguish  between  the  banded  structure  of  devitrified  igneous 
rocks  and  that  resulting  from  the  mechanical  deformation  hero  referred  to. 

Taxitic — a  name  proposed  by  Professor  Loowinson-Lessing  to  denote 
an  arrangement  in  volcanic  rocks  in  the  crystallisation  of  which  two  products 
have  arisen  distinct  from  each  other  in  structure,  colour,  or  composition. 
These  rocks  are  thus  in  appearance  clastic,  ]>ut  are  really  of  primitive 
origin.  When  the  different  portions  of  the  taxitc  are  disposed  in  alternate 
bands,  they  are  called  EutaxiUn;  when  they  occur  in  angular  fragnunits 
dispersed  in  the  matrix  without  definite  order  like  a  ])reccia,  they  form 
Afaxitei<,  It  is  a  kind  of  liquation  in  filamentous  bands.  As  synonymous 
terms  the  author  of  the  name  cites  “  Spaltungsbreccxa,’'  Tufllava,” 
“  Piperno,”  Triimmerporphyre,’^ 

Spherulitic,  composed  of  incipient  crystallisations  of  minerals  which 
diverge  from  one  or  more  points  and  terminate  outwardly  at  nearly  the 
same  distance  from  the  centre,  so  as  to  produce  globules,  sphoruh^s,  or 
larger  accretions  of  usually  globular  forms,  which  arc  marked  hy  tho 

^  On  this  structure  HeeE.  WeisH,  ‘Beitriige  ziir  KeuntnisH  dcr  F(»l(Isi)ath})il(luiig,’  Haarlem, 
1866,  p.  143  ;  Vogelsang,  ‘  Philosophic  <Ier  Geologic,^  1867,  p.  138  ;  Zirkcl,  A.  />.  (/.  (L  1867, 
p.  742. 

2  Bulh  Soc,  BeJy.Giol.v.  p.l04  ;  rend,  luteruat.  (U‘oL  OougresH,  Paris,  1000,  j),  1280* 
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internal  radiation  of  divergent  fibres  or  rods  from  the  centiul  starting- 
nnint  (Vicrs  6  16).  Sometimes  the  centre  is  a  phenociyst,  in  other  cases  no 
^  V  ’  foreign  nucleus  can  be  detected.  The 

structure  occurs  in  vitreous  rocks  and 
forms  an  important  stage  in  the  devitri¬ 
fication  of  obsidian,  pitchstone,  &c.  The 
crystallisation  appears  to  be  largely  due 
to  the  intergrowth  of  quartz  and  felspar 
in  a  minute  micropegmatitic  aggregate. 
Sometimes  the  spherules  are  hollow,  hut 
show  the  fibrous  divergent  structure  in 
their  outer  shells.  Spherulites  exist  of 
all  sizes,  from  microscopic  proportions  up 
to  masses  ten  feet  in  diameter.  Where 
the  fibres,  instead  of  radiating  from  a 
Fig.  6.- spheruiitic  structure.  (Magiiiiied.)  centre,  diverge  from  a  line  such  as  a 

crack,  the  structure  has  been  termed  by  Zirkel  axiolitic.’^ 

The  term  lithophyse  has  been  applied  by  F.  von  Eichthofen  to  large 


Fig.  7.— Orbicular  Structure.  NapoU^onite,  Corsica.  (Nat.  size.) 

bladder-like  spherulites  wherein  interspaces  lined  with  crystals  occur 

^  Vogelsang  was  the  first  to  make  a  microscopic  study  of  spherulites.  He  dtstiiiguished 
among  them  cumulites,  globospherites,  grauospherites,  helonospherites  and  felnospherites, 
Archiv  Merland.  vh.  1872  ;  ‘Die  Krystalliten,  ’  1875.  See  also  Delesse,  M€lm.  Soc,  (UoL 
France,  iv.  (1852);  B.  S.  G.  F,  ix.  (1852),  ]).  431 ;  Whitman  Cross,  Phil.  Soc.  Xra^f/dwjton,  xi. 
p.  411  (1891) ;  J.  P.  IcUlings,  op.  cit.  p.  445,  and  7th  Ann.  Rep.  U.  S.  Ueul.  Sirru.  (1888),  p. 
254«  ■  Quartz  assumes  in  some  rocks  {e.ff.  handed  eurites)  a  finely  globular  structure  which 
was  developed  before  the  cessation  of  the  motion  that  produced  flow-structure,  and  which, 
according  to  M.  Michel-Levy,  may  he  regarded  as  connecting  the  colloid  and  crystallised 
conditions  of  silica.  Bull.  Soc.  Q6ol.  France  (3),  v.  (1877),  p.  257.  Also  Qomjpt.  rend.  xciv. 
(1882),  p.  464.  The  formation  of  spherulites  is  further  referred  to  at  p.  153,  and  also  in  Book 
IV,  Part  VII, 


SECT-  IV 


MEGASGOPIG  GHARAGTEPH  OF  REGKF 


J33 


between  the  successive  concentric  internal  layers.^  Many  ancient  rhyo¬ 
lites  present  an  aggregate  of  nodular  bodies  (Pyromeride)  due  originally 
to  devitrification  and  subsequently  more  or  less  altered,  especially  by  the 
deposition  of  silica  within  them. 

Orbicular  structure  is  one  in  which  the  component  minerals  of  a 
rock  have  crystallised  in  such  a  way  as  to  form,  spheroidal  aggregations, 
sometimes  with  an  internal  radial  or  concentric  grouping.  It  is  typically 
seen  in  the  corsite,  napoleonite,  or  ball-diorite  (Kugel-diorit,  orbicular 
diorite,  p.  224)  of  Corsica  (Fig,  7),  but  occurs  in  other  rocks,  sometimes 
even  in  granite.*^ 

Perlitic  (Figs.  8  and  19),  having  the  structure  of  the  rock  formerly 
termed  perlite,  wherein  between  minute 
rectilinear  fissures  the  substance  of  the 
mass  has  assumed,  during  the  contrac¬ 
tion  resulting  from  cooling,  a  finely 
globular  character,  not  unlike  the 
spheroidal  structure  seen  in  weathered 
basalt,  which  is  also  a  phenomenon  of 
contraction  during  the  cooling  and  con¬ 
solidation  of  an  igneous  rock.^ 

Horny,  flinty,  having  a  compact, 
homogeneous,  dull  texture,  like  that  of 
horn  or  flint,  as  in  chalcedony,  jasper, 
flint,  and  many  halleflintas  and  felsites. 

Cavernous  (porous),  containing 
irregular  cavities  due,  in  most  cases,  to  the  abstraction  of  sonu)  of  the 
minerals  j  but  oceasionally,  as  in  some  limestones  (sinters),  dolomites 
and  lavas,  forming  part  of  the  original  structure  of  the  rock. 

Cellular. — INlany  lavas,  ancient  and  modern,  have  ])een  saturated 
with  steam  at  the  time  of  their  eruption,  and  in  conse(iueiicG  of  the 
segregation  and  expansion  of  this  imprisoned  vapour,  have  had  spherical 
cavities  developed  in  their  mass.  A¥hen  this  cellular  str-ucture  is  marked 
by  comparatively  few  and  small  boles,  it  may  be  called  vesicular;  where 
the  rock  consists  partly  of  a  roughly  cellular,  and  partly  of  a  more 
compact  substance  intermingled,  as  in  the  slag  of  an  iron  furnace,  it  is 
said  to  be  slaggy;  portions  where  the  cells  occupy  about  as  much  space 
as  the  solid  part,  and  vary  much  in  size  and  shape,  are  called  scoriaceous, 
this  being  the  character  of  the  rough  clinker-like  scoriae  of  recent  lava- 
streams  ;  when  the  cells  are  so  much  more  numerous  than  the  solid  pai-t, 
that  the  stone  would  originally  have  almost  or  (piite  floated  on  water*' 

^  Jahrh.  K.  K.  (Jeol  Reichsansi.  ]860,  p.  180.  So'i  Tdaings,  7th  Ann.  Rep.  XT.  S.  (hoi. 
Surv.  (1885-86),  p.  249.  Amer.  Jonr/i.  h'ci.  xxxiii.  (1887),  p.  .‘16.  C>.  A.  CJolo  and  (I.  W. 
Butler,  Q.  J.  O.  S.  xlvii.  (1892),  p.  438,  and  p.  21.5.  On  hollow  sidiorulitos,  ParkinHoii, 

Q.  J.  a.  S.  Ivii.  (1900),  p.  211. 

Fine  examples  of  this  structure  have  been  obtained  from  the  p:ranite.s  of  Swculen  and 
the  north-west  of  Ireland.  See  p.  206. 

Professor  Watts  has  deseribe<l  perlitic  cracks  developcsd  in  quart/.  U  J  ij  ^  { 
(1894),  p.  367. 
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the  structure  is  called  pumiceous,  being  the  froth-like  part  of 

lava  4-s  the  cellular  structure  can  only  be  developed  whale  the  T<ack 
is  still  liquid  or  at  least  viscid,  and  as,  while  in  this  condition,  the  mass 
is  often  still  ’moving  away  from  its  point  of  emission,  the  cells  are  not 
infrequently  elongated  in  the  direction  of  movement.  Subsequently, 
water  infiltrating  through  the  rock,  deposits  various  mineral  substances 
(calcite,  quartz,  chalcedony,  zeolites,  &c.)  from  solution,  so  that  the 
kttened  and  elongated  almond-shaped  cells  are  eventually  filled  up. 
4  cellular  rock  which  has  undergone  this  change  is  said  to  be  an 
amygdaloid,  or  amygdaloidal,  and  the  almond-like  kernels  are  known 


Fig-  9.-— Aniygilaloidtl  Scrnctut*e.s  ;  rorjjliyrite,  Old  Red  MaiRlstonc,  Ayrsliire.  (Nat.  size.) 


as  amygdales  (Fig.  9).  Where  the  cells  or  cavernous  spaces  of  a  rock  are 
lined  with  crystals  and  empty  inside  they  are  said  to  be  druses  or  druay 
cavities.  Some  igneous  rocks  (certain  granites,  &c.)  arc  full  of  small 
irregularly  shaped  cavities  into  which  the  constituent  minerals  may  project 
with  crystallographic  forms.  Such  a  structure  is  termed  miarolitic. 

Cleaved,  having  a  fissile  structure  superinduced  by  pressure  and 
known  as  Cleavage  (see  pp.  417,  684).  The  planes  of  cleavage  are  inde¬ 
pendent  of  those  of  bedding,  though  they  may  sometimes  coincide  with 
them.  A  cleaved  structure  is  best  seen  in  fine-grained  material,  and 
is  typically  developed  in  roofing-slate,  but  it  may  occur  in  any  compact 
igneous  rock  (p.  418). 

J  Foliated,  consisting  of  minerals  that  have  crystallised  in  approxi¬ 
mately  parallel,  lenticular,  and  usually  wavy  layers  or  folia.  Kocks  of 
this  kind  commonly  contain  layers  of  mica,  or  of  some  equivalent  readily 
cleavable  mineral,  the  cleavage-planes  of  which  coincide  generally  with  the 
planes  d  foliation  (p.  244).  Cneiss,  mica-schist  and  talc-schist  are 
characteristic  examples.  So  distinctive,  indeed,  is  this  structure  in  schists, 
that  it  is  often  spoken  of  as  schistose.  In  gneiss,  it  attains  its  most 
massive  form ;  in  chlorite-schist  and  some  other  schists,  it  becomes  so  fine 
as  to  pass  into  a  kind  of  minutely  scaly  texture,  often  only  perceptible 
with  the  microscope,  the  rock  having  on  the  whole  a  massive  structure. 
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Fibrous,  consisting  of  one  or  more  minerals  composed  of  distinct 
fibres.  Sometimes  the  fibres  are  remarkably  regular  and  parallel,  as  in 
fibrous  gypsum,  and  veins  of  cbrysotile,  fibrous  aragonite  or  calcite  (satin- 
spar)  ;  in  other  instances,  they  are  more  tufted  and  irregular,  as  in  asbestos 
and  actinolite-schist. 

Cataclastic,  Mylonitic,  terms  introduced  to  denote  the  peculiar 
granular  structure  of  rocks  which  haye  undergone  intense  crushing,  such 
as  has  taken  place  along  lines  of  fracture  and  movement,  as  in  faults  and 
thrust-planes.  The  materials  have  been  reduced  to  minute  grains  which 
have  not  re-crystallised  as  they  have  done  in  the  granulitic  structure. 

Clastic,  fragmental,  composed  of  detritus  (p.  154).  Eocks  possess¬ 
ing  this  character  have,  in  the  great  majority  of  cases,  been  formed  in  water, 
and  their  component  fragments  are  usually  more  or  less  rounded  or  water- 
worn.  Different  names  are  applied,  according  to  the  form  or  size  of  the 
fragments.  Brecciated,  composed,  like  a  breccia,  of  angular  fragments, 
which  may  be  of  any  degree  of  coarseness.  Agglomerated,  consisting 
of  large,  roughly  rounded  and  tumultuously  grouped  blocks,  as  in  the 
agglomerate  filling  old  volcanic  funnels.  Conglomerated  (Conglo¬ 
meratic),  made  up  of  well-rounded  blocks  or  pebbles  ;  rocks  having  this 
character  have  been  formed  by  and  deposited  in  water.  Pebbly, 
containing  dispersed  water-worn  pebbles,  as  in  many  coarse  sandstones, 
which  thus  by  degrees  pass  into  conglomerates.  Psammitic,  or  sand¬ 
stone-like,  composed  of  rounded  grains,  as  in  ordinary  sandstone  :  when 
the  grains  are  larger  (often  sharp  and  somewhat  angular)  the  rock  is 
gritty,  or  a  grit.  Muddy  (politic),  having  a  texture  like  that  of  dried 
mud.  Cryptoclastic  or  compact,  where  the  grains  are  too  minute  to 
reveal  to  the  naked  eye  the  truly  fragmental  character  of  the  i*ock,  as  in 
fine  mudstones  and  other  argillaceous  deposits. 

Concretionary,  containing  or  consisting  of  mineral  matter,  which 
has  been  collected,  either  from  the  surrounding  rock  or  fi*om  without, 
round  some  centre,  so  as  to  form  a  nodule  or  irregularly  shaped  lump. 
This  aggregation  of  material  is  of  frequent  occurrence  among  water-formed 
rocks,  where  it  may  be  often  observed  to  have  taken  place  round  some 
organic  centre,  such  as  a  leaf,  cone,  shell,  fish-bone,  or  other  relic  of  plant 
or  animal.  (Book  IV.  Part  I.)  Among  the  most  frequent  minerals  found 
in  concretionary  forms  as  constituents  of  rocks,  arc  calcite,  siderite,  pyrite, 
marcasitc,  and  various  foi^ms  of  silica.  In  a  true  concretion,  the  material 
at  the  centre  has  been  deposited  first,  and  has  increased  by  additions  from 
without,  either  during  the  formation  of  the  enclosing  rock,  or  by 
subsequent  concentration  and  aggregation.  Where,  on  the  other  hancl, 
cavities  and  fissures  have  been  filled  up  by  the  deposition  of  materials 
on  their  walls,  and  gradual  growth  inward,  the  result  is  known  as  a 
secretion.  Amygdales  and  the  successive  coatings  of  mineral  veins  are 
examples  of  the  latter  process. 

Dendritic — a  name  applied  to  arborescent  deposits,  usually  of  some 
dark  metallic  oxide  (especially  of  iron  and  manganese),  which  arc  formed 
through  the  agency  of  infiltrating  water  along  the  joints  or  other  smooth 
divisional  planes  of  minerals  and  rocks  (Fig.  220).  Occasionally  these 
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dendrites  present  so  strong  a  reseml)larice  to  vegetalde  forms  as  to  be 
readily  mistaken  for  fossil  plants.  Landscape-marble  owes  its  peculiar 
appearance  to  a  variety  of  this  structure  (p.  649).  ^ 

Septarian— a  structure  often  exhiinted  by  concretions  of  limestone 
and'  clay-ironstone  which  in  consolidating  have  shrunk  and  cracked 
internally.  These  shrinkage-cracks  radiate  in  an  irregular  way  from  the 
middle  towards  the  circumference,  but  die  out  before  reaching  the  latter 
(Fig.  25).  Usually  they  have  been  filled  with  some  subsecpiently  infil¬ 
trated  mineral,  notably  calcite. 

Oolitic,  a  structure  like  fish-roe,  formed  of  spherical  grains,  each  of 
which  has  'an  internal  radiating  and  concentric  structure,  and  often 
possesses  a  central  nucleus  of  some  foreign  body.  This  structure  is 
specially  found  among  limestones  (see  p.  When  the  grains  are 

as  large  as  peas,  the  structure  is  termed  pisolitic. 

Various .  structures  which  affect  large  masses  of  rock  rather  than 
hand-specimens  will  be  found  described  in  Book  lY.  But  a  few  of  the 
more  important  may  be  included  here. 

J  Massive,  unstratified,  having  no  arrangement  in  definite  layers  or 
strata.  Lava,  granite,  and  generally  all  crystalline  rocks  which  have  been 
erupted  to  the  surface,  or  have  solidified  below  from  a  state  of  fusion, 
are  massive  rocks. 

J  Stratified,  bedded,  composed  of  layers  or’beds  lying  parallel  to 
each  other,  as  in  shale,  sandstone,  limestone,  and  other  rocks  which  have 
been  deposited  in  water.  Successive  streams  of  lava,  poured  om*.  upon 
another,  have  also  a  bedded  arrangement.  Laminated,  consisting  of 
fine,  leaf-like  strata  or  laminae ;  this  structure  being  characteristically 
exhibited  in  shales,  is  sometimes  also  called  shaly. 

J  Jointed,  traversed  by  the  divisional  planes  termed  -loints,  which  are 
ful^  treated  of  in  Book  IV.  Part  IL 

J  Columnar,  divided  into  prismatic  joints  or  columns.  This  structure 
is  typically  represented  among  the  basalts  and  other  basic  lavas  (p.  663 
and  Figs.  235-237,  335,  338),  hut  it  may  also  be  observed  as  an  effect 
of  contact-metamorphism  among  stratified  rocks  which  have  been  invaded 
by  intrusive  masses  (p.  7  6  9). 

Pillowy-structure  (Ellipsoidal  structure) — an  arraiigeiiient  in 
many  ancient  and  modern  lavas  where  the  rock  ])efore  consolidating  has 
separated  into  globular  or  pillowy-shaped  IJocks  from  a  few  inches  to 
several  yards  in  diameter.  The  outer  shell  of  these  spheroids  or 
ellipsoids  is  sometimes  closer  grained  than  the  inside,  and  has  rows  of 
small  vesicles  running  parallel  to  the  outer  surface.  In  the  interstices 
between  the  blocks  various  sedimentary  materials  have  sometimes  been 
introduced,  such  as  volcanic  tuff’,  sandstone,  shale,  ii'onstone  or  chert 
(see  p.  760). 

2.  Composition. — Before  having  recourse  to  chemical  or  microscopic 
analysis,  the  geologist  can  often  pronounce  as  to  the  general  chemical  or 
mineralogical  nature  of  a  rock.  Most  of  the  terms  which  he  employs  to 
^  See  Mr.  Wetliered’s  paper  in  Q.  J.  O'.  ,S'.  li.  (1S95),  }).  196. 
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express  Ms  opinion  are  derived  from  tlie  immes  of  miiicmls,  mid  in 
almost  all  cases  are  self-explanatory.  The  following  examples  may  suffice. 
Calcareous,  consisting  of  or  containing  carbonate  of  lime.  Argilla¬ 
ceous,  consisting  of  or  containing  clay.  Felspathic,  having  some  form 
of  felspar  as  a  main  constituent.  Siliceous,  formed  of  or  containing 
silica ;  usually  applied  to  the  chalcedonic  forms  of  this  cementing  oxide. 
Quartzose,  containing  or  consisting  entirely  of  some  form  of  quartz. 
Carbonaceous,  containing  coaly  matter,  and  hence  usually  associated 
with  a  dark  colour.  Pyritous,  containing  diffused  disulphide  of  iron. 
Gypseous,  containing  layers,  nodules,  strings  or  crystals  of  calcium- 
sulphate.  Saliferous,  containing  beds  of,  or  impregnated  with  rock- 
salt.  Micaceous,  full  of  layers  of  mica-flakes. 

As  rocks  are  not  definite  chemical  compounds,  but  mixtures  of 
different  minerals  in  varying  proportions,  they  exhibit  many  intermediate 
varieties.  Transitions  of  this  kind  are  denoted  by  such  phrases  as 
granitic  gneiss,”  that  is,  a  gneiss  in  which  the  normal  foliated  structure 
is  nearly  merged  into  the  massive  structure  of  granite;  ‘‘argillaceous 
limestone” — a  rock  in  which  the'  limestone  is  mixed  with  clay; 
“  calcareous  shale  ” — a  fissile  rock,  consisting  of  clay  with  a  proportion 
of  lime. 

As  already  alluded  to,  and  as  will  be  more  fully  explained  in  later 
pages,  the  progress  of  I’esearch  goes  to  show  that  even  in  the  same  mass 
of  eruptive  rock  considerable  differences  of  chemical  composition  may  l)e 
found.  These  differences  seem  to  point  to  some  separation  of  the  con¬ 
stituents,  before  consolidation.  Thus  the  picrite  of  Bathgate  shades 
upwards  into  a  rock  in  which  the  heavy  magnesian  silicates  are  replaced 
in  large  measure  by  felspars.^  Mr.  Iddings  has  called  attention  to  some 
remarkable  gradations  of  composition  among  the  volcanic  rocks  of  the 
Tewar  mountains,  New  Mexico,  where  he  believes  a  series  of  intermediate 
varieties  to  be  traceable  from  obsidian  at  the  one  end  to  basalt  at  the 
other. A  remarkable  instance  of  a  similar  kind  has  Ireen  described  by 
Mr.  Teall  and  Mr.  Dakyns  from  the  Scottish  If  ighlands.*^  Many  examples 
have  now  been  cited  both  in  the  Old  and  New  Worlds,  where  an  acid 
eruptive  boss  passes  laterally  into  highly  basic  material,  granite,  for 
instance,  graduating  towards  the  margin  into  gal)bro  and  serpentine. 
This  subject  is  further  discussed  at  p,  710  el  mj, 

3.  State  of  Aggregation.^ — The  hardness  or  softness  of  a  rock — in 
other  words,  its  induration,  friability,  or  the  degree  of  aggregation  of  its 
particles — may  he  either  original  or  acquired.  Some  rocks  (sinters,  for 
example)  arc  soft  at  first  and  harden  ])y  degrees ;  the  general  effect  of 
exposure,  however,  is  to  loosen  the  cohesion  of  the  particles  of  rocks.  A 
rock  which  can  easily  he  scratched  with  the  nail  is  almost  always  much 
decomposed,  though  some  chloritic  and  talcose  schists  arc  soft  enough  to 
be  thus  affected.  Gompaet  rocks  which  can  easily  be  scrvitchod  with  the 

^  Trayis.  Rm/.  Soc.  JCdin.  vol.  .vxix.  (1879),  p.  504. 

“  Bull,  U,  S.  G.  S.  No.  66(1890)  ;  Bull.  Phil.  Bnr.  ll'anhinf/ton,  xi.  (1890),  pp.  05,  191  ; 
ixmi  poslea.,  pp.  708,  710. 

^  Teall  and  Dakyns,  Q.  J.  G.  8.  1892. 
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knife,  and  are  apparently  not  decomposed,  may  be  tine-grained  limestones, 
dolomites,  ironstones,  mudstones,  or  some  other  simple  rocks.  Crystalline 
rocks,  except  limestones  and  dolomites,  cannot,  as  a  rule,  be  scratched 
with  the  knife  unless  considerable  force  ])e  used.  They  are  chiefly  com¬ 
posed  of  hard  silicates,  so  that  when  an  instance  occurs  where  a  fresh 
specimen  can  be  easily  scratched,  it  will  usually  be  found  to  be  a  limestone 
(pp.  112,  176,  190).  The  ease  with 

measure  of  its  frangibility.  Most  rocks  break  most  easily  in  one  direction ; 
attention  to  this  point  will  sometimes  throw  light  upon  their  internal 
structure. 

Fracture  is  the  surface  produced  when  a  rock  is  split  or  broken,  and 
depends  for  its  character  upon  the  texture  of  the  mass.  Finely  granular, 
compact  rocks  are  apt  to  break  with  a  splintery  fracture  where  wedge- 
shaped  plates  adhere  by  their  thicker  ends  to,  and  lie  parallel  with,  the 
general  surface.  When  the  rock  breaks  off  into  concave  and  convex 
rounded  shell-like  surfaces,  the  fracture  is  said  to  be  conch o id al,  as  may 
be  seen  in  obsidian,  flint,  and  exceedingly  compact  limestones.  The 
fracture  may  also  be  foliated,  slaty,  or  shaly,  according  to  the  structure 
of  the  rock.  Many  opaque,  compact  rocks  are  translucent  on  the  thin 
edges  of  fracture,  and  afford  there,  with  the  aid  of  a  lens,  a  glimpse  of 
their  internal  composition.  A  rock  is  said  to  be  flinty,  when  it  is 
hard,  close-grained,  and  bi*eaks  with  a  smooth  or  conch oidal  fracture 
like  flint;  friable,  when  it  crumbles  down  like  dry  clay  or  chalk; 
plastic,  when,  like  moist  clay,  it  can  be  worked  into  shapes  between 
the  fingers;  pulverulent,  when  it  falls  readily  to  powder;  earthy, 
when  it  is  decomposed  into  loam  or  earth;  incoherent  or  loose,  when 
its  particles  are  quite  separate,  as  in  dry  blown  sand. 

4.  Colour  and  Lustre. — These  characters  vary  so  much,  even  in  the 
same  rock,  according  to  the  freshness  of  the  surface  examined,  that  they 
possess  hut  a  subordinate  value.  Nevertheless,  when  cautiously  used, 
colour  may  be  made  to  aftbrd  valuable  indications  as  to  the  probable 
nature  and  composition  of  rocks.  It  is,  in  this  respect,  always  desirable 
to  compare  a  freshly  broken  with  a  weathered  piece  of  the  rock.  Some 
minerals  and  rocks  lose  their  distinctive  tints  on  being  heated,  and  even 
on  being  exposed  to  sunlight.  In  some  cases  these  evanescent  colours 
are  doubtless  due  to  organic  compounds,  which  are  broken  up  by  heat ; 
in  others  their  origin  is  not  quite  clear.^ 

JFhiie  indicates  usually  the  absence  or  a  comparatively  small  amount 
of  the  heavy  metallic  oxides,  especially  iron.  It  may  either  be  the  original 
colour,  as  in  chalk  and  calc-sinter,  or  may  l)e  developed  by  weatheriTig, 
as  in  the  white  crust  on  flints  and  on  many  porphyries.  Grey  is  a 
frequent  colour  of  rocks  which,  if  quite  pure,  would  he  white,  hut  which 
acquire  a  greyish  tint  by  admixture  of  dark  silicates,  organic  matter, 

^  See  JannettM,  JL  S.  G,  F.  xxix.  (1872),  p.  300.  The  iion-orgaiiic  nature  of  the  evanescent 
colours  is  maintained  hy  E.  Weinschenk,  Z,  1),  (L  G.  xlviii.  (1896),  ]>.  704  ;  ZeiUch.  Anorg. 
Chemie,  xii.  (1896),  p.  375  ;  ZeitscJi.  Kri/sf.  xxviii.  (1897),  p.  135  ;  TticherniaFs  Mittheil. 
xix.  (1900),  p.  144 ;  the  other  and  more  general  view  is  upheld  hy  L.  Woliler  and  K.  v. 
KraatZ'Koschlaii,  Tt^ehermaFs  Mittheil.  xviii.  pp.  304,  447. 
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diffused  pyrites,  &c.  Blue,  or  hkdsh-grey,  is  a  characteristic  tint  of  rocks 
through  which  iron-disulphide  is  diffused  in  extremely  minute  subdivision. 
Eut  as  a  rule  it  rapidly  disappears  from  such  rocks  on  exposure,  especi¬ 
ally  where  they  contain  organic  matter  also.  The  stiff  blue  clay  of  the 
sea-hottom,  which  is  coloured  by  iron-disulphide,  becomes  roddish-brown 
•when  dried,  and  then  shows  no  trace  of  sulphide.^  Blade  may  be  due 
either  to  the  presence  of  carbon  (when  weathering  will  ilot^  change  it 
much),  or  to  some  iron-oxide  (magnetite  chiefly),  or  some  silicate  rich 
in  iron  (as  hornblende  and  augite).  Many  rocks  (basalts  and  mela- 
phyres  particularly)  which  look  quite  black  on  a  fresh  surface,  become 
red,  brown  or  yellow  on  exposure,  black  being  comparatively  seldom  a 
weathered  colour.  Yellovj  (or  Orange),  as  a  dxdl  earthy  colouring  matter, 
almost  always  indicates  the  presence  of  hydrated  peroxide  of  iroxi.  In 
modern  volcanic  districts  it  may  be  due  to  iron-chloride,  sulphur,  &c. 
Bright,  metallic,  gold -like  yellow  is  usually  that  of  iron-disulphide.  Brrmn 
is  the  normal  colour  of  some  carbonaceous  rocks  (lignite),  and  ferruginous 
deposits  (bog-iron-ore,  clay-ironstone,  c^c.).  It  very  genei’ally,  on  weathered 
surfaces,  points  to  the  oxidation  and  hydration  of  minerals  containing 
iron.  Bed,  in  the  vast  majority  of  cases,  is  due  to  the  presence  of 
anhydrous  peroxide  of  iron.  This  mineral  gives  dark  hlood-rod  to 
pale  flesh-red  tints.  As  it  is  liable,  however,  to  hydration,  these  hues  are 
often  mixed  with  the  hrown,  orange  and  yellow  colours  of  limonite.‘'^ 
Green,  as  the  prevailing  tint  of  rocks,  occurs  amongst  schists,  when  its 
presence  is  usually  due  to  some  of  the  hydrous  magnesian  silicates 
(chlorite,  talc,  serpentine).  It  appears  also  among  massive  I'ocks,  especi¬ 
ally  those  of  older  geological  formations,  where  hornldendc,  olivine,  or 
other  silicates  have  been  altered  (as  in  greenstone  ”).  Among  the 
sedimentary  rocks,  it  is  principally  due  to  ferrous  silicate  (as  in  glauconite). 
Carbonate,  of  copper  colours  some  rocks  emerald- or  verdigris-green.  The 
mottled  character  so  common  among  many  stratified  rocks  is  frecjuently 
traceable  to  unequal  weatheiing,  some  portions  of  the  iron  being  more 
oxidised  than  others ;  while  some,  on  the  other  hand,  become  deoxidised 
from  the  reducing  action  of  decaying  organic  matter,  as  in  the  circular 
green  spots  so  often  found  among  red  strata. 

Lustre,  as  an  external  character  of  rocks,  does  not  possess  the  value 
which  it  has  among  minerals.  In  most  rocks,  the  granular  tcxtxu’c 
prevents  the  appearance  of  any  distinct  lustre.  A  cornjxletely  vitreom^ 
lustre  without  a  granular  texture,  is  characteristic  of  volcanic  glass.  A 
.splendent  Hemi-meiallic  lustre  may  often  be  observed  upon  the  foliation 
planes  of  schistose  rocks  and  u])on  the  laminae  of  micaceous  sandstones. 
As  this  silvery  lustre  is  almost  invariably  due  to  the  prcseticc  of  mica,  it 
is  commonly  called  distinctively  niicamym.  A  metallio  lustre  is  met  with 
sometimes  in  beds  of  anthracite  ;  more  usually  its  occxirrence  among  rocks 
indicates  the  presence  of  metallic  oxides  or  sulphides.  A  /rsimns  bistre 
is  characteristic  of  many  pitchstones.  Ltf sir Mnoli ling  is  a  term  applied 
to  the  interrupted  sheen  on  the  cleavage  faces  of  minerals,  which  have 

^  J.  Y.  Buchanan,  Jirlt.  Assoc.  18S1,  p.  584. 

-  See  I.  0.  Russell,  B.  fl  S.  <1  S.  No.  52  (1889). 


140 


GEOGNOSY 


1500 K  ir  1‘AllT  ir 


enclosed  much  smaller  crystals  or  grains  of  other  minerals.  It  is  well 
seen  on  the  surfaces  of  some  of  the  constituents  of  serpentine  rocks. 

5.  Feel  and  Smell. — These  minor  characters  are  occasionally  useful. 
By  the  feel  of  a  mineral  or  rock  is  meant  the  sensation  experienced  when 
the  fingers  are  passed  across  its  surface.  Thus  hydrous  magnesian  sili¬ 
cates  hare  often  a  marked  soapy  or  greasy  feel.  Some  scricitic  mica- 
schists  show  the  same  character.  Trachyte  received  its  name  from  its 
characteristic  rough  or  harsh  feel.  Some  rocks  adhere  to  the  tongue,  a 
quality  indicative  of  their  tendency  to  absorb  water. 

Smell. — Many  rocks,  when  freshly  broken,  emit  distinctive  odours. 
Those  containing  volatile  hydrocarbons  give  sometimes  an  appreciable 
bituminous  odour,  as  is  the  case  with  certain  eruptive  rocks,  which  in 
central  Scotland  have  been  intruded  through  coal-seams  and  carbon¬ 
aceous  shales.  Limestones  have  often  a  fetid  odour ;  rocks  full  of 
decomposing  sulphides  are  apt  to  give  a  sul^^liurous  odour ;  those  which 
are  highly  siliceous  yield,  on  being  struck,  an  empyreumaiic.  odour.  It  is 
characteristic  of  argillaceous  rocks  to  emit  a  strong  earthy  smell  when 
breathed  upon. 

6.  Specific  Gravity. — This  is  an  important  character  among  rocks  as 
well  as  among ' minerals.  It  varies  from  0-6  among  the  hydrocarbon 
compounds  to  3T  among  the  basalts.  As  already  stated,  the  average 
specific  gravity  of  the  rocks  of  the  earth’s  crust  may  be  taken  to  be  about 
2*5,  or  from  that  to  3*0.  Instruments  for  taking  the  specific  gravity  of 
rocks  have  been  already  (p.  114)  referred  to. 

7.  Magnetism  is  so  strongly  exhibited  by  some  crystalline  rocks  as 
powerfully  to  affect  the  magnetic  needle,  and  to  vitiate  observations  with 
this  instrument.  It  is  due  to  the  presence  of  magnetic  iron,  the  existence 
of  which  may  be  shown  by  pulverising  the  rock  in  an  agate  mortar,  wash¬ 
ing  carefully  the  triturated  powder,  and  drying  the  heavy  residue,  from 
which  grains  of  magnetite  or  of  titaniferous  magnetic  iron  may  be  ex¬ 
tracted  with  a  magnet.  This  may  be  done  with  any  basalt  (p.  234).  A 
freely  swinging  magnetic  needle  is  of  service,  as  by  its  attraction  or 
repulsion  it  affords  a  delicate  test  for  the  presence  of  even  a  small 
quantity  of  magnetic  iron. 

Sect.  V.  Microscopic  Characters  of  Rocks. 

No  department  of  Geology  has  advanced  so  rapidly  in  recent  years 
as  Lithology,  and  this  has  been  mainly  due  to  the  introduction  of  the 
microscope  as  an  instrument  for  investigating  the  minute  internal 
structures  of  rocks.  Though  the  method  of  mounting  thin  slices  on  glass 
devised  by  William  Nicol  was  made  known  to  the  world  in  1831,  it  was 
not  until  1856  that  the  full  value  of  the  method  was  recognised  by  Mr. 
Sorby  and  made  known  to  geologists  in  the  epoch-making  papers  which 
have  been  already  alluded  to  (p.  119).  Reference  will  be  made  in 
subsequent  pages  to  the  remarkable  results  then  announced  ])y  him. 
To  the  publication  of  the  paper  of  1858  the  subsequent  rapid  develop¬ 
ment  of  the  study  of  rocks  may  be  distinctly  traced.  The  microscopic 
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method  of  analysis  is  now  in  use  in  every  country  wdiere  attention  is 
paid  to  the  history  of  rocks. 

Information  has  already  been  given  (p.  119  et  seq,)  regarding  the 
preparation  of  sections  of  rocks  for  microscopical  examination,  the  methods 
of  procedure  in  the  practice  of  this  part  of  geological  research,  and  some 
of  the  terms  employed  in  the  following  pages. 

1.  Microscopic  Elements  of  Rocks. 

Eocks  when  examined  in  thin  sections  with  the  microscope  arc  found 
to  be  composed  of  or  to  contain  various  elements,  of  which  the  more 
important  are,  1st,  crystals,  or  crystalline  grains;  2nd,  glass;  :lrd, 
crystallites ;  4th,  detritus. 

A.  Crystals  or  Crystalline  Grains. — Eock- forming  minerals, 
when  not  amorphous,  may  he  either  crystallised  in  their  proper  crystal¬ 
lographic  forms  (idiomorphic,  automorphic),  or,  while  possessing  a  crystal¬ 
line  internal  structure,  may  present  no  definite  external  geometrical 
form  (allotriomorphic,  xenomorphic,  p.  89).  The  latter  condition  is 
more  prevalent,  seeing  that  minerals  have  usually  been  developed  round 
and  against  each  other,  thus  mutually  hindering  the  assumption  of 
determinate  crystallographic  contours.  Other  causes  of  imperfection 
are  fracture  by  movement  in  the  original  magma  of  the  rock,  and  partial 
solution  in  that  magma  (Fig.  11),  as  in  the  corroded  (|uartz  of  quartz- 
porphyries  and  rhyolites,  and  the  hornblende  crystals  of  basalts.  The 
ferro -magnesian  minerals  of  earlier  consolidation  anumg  ])asalts  and 
andesites  are  sometimes  surrounded  with  a  dark  shell  called  the  (jor- 
rosion-zone.  In  some  rocks,  such  as  granite,  the  thoroughly  crystalline 
character  of  the  component  ingredients  is  well  marked,  yet  they  less 
frequently  present  the  definite  isolated  crystals  so  often  to  be  obscrvcid 
in  porphyries  and  in  many  old  and  modern  volc.anic  rocks.  Among 
thoroughly  crystalline  rocks,  good  crystals  of  th(i  component  minerals 
may  be  obtained  from  fissures  and  cavities  in  which  there  has  beem  room 
for  their  formation.  It  is  in  the  drusy  cavitii*s  of  granite,  for  (example, 
that  the  well-defined  prisms  of  felspar,  (piartz,  mica,  tojaiz,  ]>eryl  and 
other  minerals  are  found.  Successive  stages  in  order  of  appearance  or 
development  can  readily  be  observed  among  the  crystals  of  rocks.  Some 
appear  as  large,  but  frequently  broken  or  corroded  forms.  These  have 
evidently  been  formed  first.  Others  are  smaller  but  abundant,  ustially 
unbroken,  and  often  disposed  in  lines.  Others  have  been  developed  by 
subsequent  alteration  within  the  rock.^ 

A  study  of  the  internal  structure  of  crystals  thi’ows  light  not  merely 
on  their  own  genesis,  hut  on  that  of  the  rocks  of  which  they  form  [)ai-l, 
and  is  therefore  well  worthy  of  the  attention  of  the  geologist.  '  That  many 
apparently  simple  crystals  arc  in  reality  compound,  may  not  infrcupiently 
be  detected  by  the  different  condition  of  weathering  in  the  two  oi)poHit(; 
parts  of  a  twin  on  an  exposed  face  of  rock.  I'he  inter-nal  HtiMK'Hirci  of  a 
crystal  modifies  the  action  of  solvents  on  its  e.xterior  (e.ff.  w(etth(vre(l 

'  Fouque  aii<l  L'vy,  ‘Min.  Micro^^raph/  p.  151. 
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surfaces  of  calcite,  aragonite  and  felspars).  Crystals  may  occasionally  be 
observed  built  up  of  rudimentary  “  microlites,”  as  if  these  were  the 
simplest  forms  in  which  the  molecules  of  a  mineral  began  to  appear  (p.  148). 

A  microscopic  examination  of  some  rocks  shows  that  a  subsequent  or 
secondary  growth  of  different  minerals  has  taken  place  after  their  original 
crystalline  foi’m  was  complete.  These  later  additions  are  in  optical  con¬ 
tinuity  with  the  original  crystal,  and  sometimes  have  taken  place  even 
upon  worn  or  imperfect  forms.  They  may  be  occasionally  detected 
among  the  silicates  of  igneous  rocks,  and  also  even  among  the  sandgrains 
of  sandstones  which  have  thus  had  their  rounded  forms  converted  into 
crystallographic  faces.^ 

Crystalline  minerals  are  seldom  free  from  extraneous  inclusions. 
These  are  occasionally  large  enough  to  be  readily  seen  by  the  naked 
eye.  But  the  microscope  reveals  them  in  many  minerals  in  almost 
incredible  quantity.  They  are,  a,  vesicles  containing  gas ;  vesicles 
containing  liquid ;  y,  globules  of  glass  or  of  some  lithoid  substance ; 
8,  crystals;  £,  filaments,  or  other  indefinitely  shaped  pieces,  patches,  or 
streaks  of  mineral  matter. 

a.  Gas -filled  cavities  are  most  frequently  globular  or  elliptical, 
and  appear  to  be  due  to  the  presence  of  gas  or  steam  in  the  crystal  at 
the  time  of  consolidation.  Zirkel  estimates  those  minute  pores  at 
360,000,000  in  a  cubic  millimetre  of  the  hauyne  from  Melfi.^  In  some 
instances  the  cavity  has  a  geometric  form  belonging  to  the  crystalline 
system  of  the  enclosing  mineral.  Such  a  space  defined  by  crystallo¬ 
graphic  contours  is  a  negative  crystal.  A  cavity  filled  with  gas  contains 
no  bubble,  and  its  margin  is  marked  by  a  broad  dark  band.  The  usual 
gases  are  hydrogen,  carbon-dioxide,  carbon-monoxide,  marsh-gas  and 
nitrogen.  In  experiments  recently  made  by  Professor  Tilden*^  it  was 
found  that  various  rocks  contain  many  times  their  own  volume  of  these 
gases,  as  shown  in  the  following  examples : — 


Voliniie  of  Gas  per 
Volume  of  Rock. 

(Tuin  position  of  Gas  in  100 
Volumes. 

•CO2  H2.  &('• 

Granite  (Tertiary),  Skye 

2*8 

11-5 

88-5 

Granite  (Pabeozoic),  Ardslieil 

6-9 

79-5 

20*5 

Gabbro  (Tertiary),  Skye 

3-5 

21*6 

78*4 

Gabbro  (Palmozoic),  Lizard 

6-4 

trace. 

100-0 

Basalt  (Tertiary),  Antrim 

8*0 

32*0 

68-0 

Quartzite  (Cambrian),  Sutherland 

2*2 

14*3 

85*7 

Gneiss  with  Corundum,  Seringapatam  17*8 

18*0 

82-0 

More  detailed  study  of  the 

gases  showed  that  by  much 

the  most 

abundant  of  them  is  hydrogen,  and  that  carbon-dioxide  comes  next, 
followed  by  variable  proportions  of  carbonic  oxide,  marsh -gas,  and 

^  H.  C.  Sorby,  Presidential  Address,  Geol.  Soc.  1880,  p.  62.  K.  D.  Irving  and  0.  B.  Van 
Hise,  ‘On  Secondary  Enlargements  of  Mineral  Fragments  in  certain  Rocks,’  B.  U.  G.  S,. 
No.  8  (1884).  J.  W.  Judd,  Q.  J.  0.  S.  xlv.  (1889),  p.  175. 

2  ‘Mik.  Bescbaff.’  p.  86. 

^  JProc.  Roy.  Soc.  lix.  (1896),  p.  223  ;  lx.  (1897),  p.  453.  See  also  a  paper  by  Prof. 
W.  Ramsay  in  same  volume. 
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nitrogen,  as  shown  in  the  subjoined  table.  The  gases  appear  to  be 
wholly  enclosed  in  the  cavities,  which  are  so  minute  that  little  is  lost  by 
pounding  a  rock  into  fragments. 


OO.j 

CO 

C1I4 

N-j 

ii.j 

Granite  from  Skye 

23-60 

6-45 

3-02 

5-13 

61 -68 

Gabbi’o  from  Lizard  . 

5-50 

2-16 

2-03 

1-90 

88*42 

Gneiss,  Seringapatam  . 

31  62 

5-36 

0-51 

0-56 

61*93 

Basalt  from  Antrim  . 

32-08 

-20-08 

10-00 

1-61 

36*15 

/5.  Vesicles  containing 

liquid 

(and 

gas).— 

-As  far 

back  as 

year  1823,  Brewster  studied  the  nature  of  certain  fluid-bearing  cavities 
in  different  minerals.^  The  first  observer  who  showed  their  important 
bearing  on  geological  researches  into  the  origin  of  crystalline  rocks  was 
Mr.  Sorby,  in  whose  paper,  already  cited,  they  occupy  a  prominent 
place.  They  are  frequently  abundant  in  quartz,  felspars,  topaz,  emerald, 
sapphire,  gypsum,  rock-salt,  and  other  minerals  and  rocks.  Vesicles 
entirely  filled  with  liquid  are  distinguished  by  their  sharply  defined 
and  narrow  black  borders.  Vesicular  spaces  containing  fluid  may 
be  noticed  in  many  artificial  crystals  formed  from  aqueous  solutions, 
(crystals  of  common  salt  show  them  well)  and  in  many  minerals  of 
crystalline  rocks.  They  are  exceedingly  various  in  form,  being  branch¬ 
ing,  curved,  oval,  or  spherical,  and  sometimes  assuming  as  negative 
crystals  a  geometric  form,  like  that  characteristic  of  the  mineral  in  which 
they  occur,  as  cubic  in  rock-salt  and  hexagonal  in  quartz.  They  also 
vary  greatly  in  size.  While  occasionally  in  quartz,  sapphire,  and  other 
minerals,  large  cavities  are  readily  observable  with  the  naked  eye,  they 
may  be  traced  with  high  magnifying  powers  down  to  less  than 
of  an  inch  in  diameter.  Their  proportion  in  any  one  crysta,!  ranges  within 
such  wide  limits,  that  whereas  in  some  crystals  of  (juartz  few  may  be 
observed,  in  others  they  are  so  minute  and  abundant  that  many  millions 
must  be  contained  in  a  cubic  inch.  The  fluid  present  is  usually  water, 
often  with  solutions  of  salts  or  of  gas,  chloride  of  sodium  or  of  potash, 
or  sulphates  of  potash,  soda  or  lime  being  specially  fre(]uent.  Caxhon- 
dioxide  may  be  present  in  the  water,  or  exist  by  itself  in  the  liquid 
condition.  Sometimes  the  cavities  are  partially  occupied  with  it  in 
liquid  form,  and  the  two  fluids,  as  originally  observed  by  Brewster,  may 
be  seen  in  the  same  cavity  unmingled,  the  carbon-dioxide  remaining  as  a 
freely  moving  globule  within  the  carbonated  water.-  Cul)ic  crystals  of 

^  JSdhb.  Phil.  Junrn.  ix,  j),  94.  Tni'iis.  Pioy.  JSor.  Edni.  x.  p.  1.  See  also  W.  Nicol, 
Edin.  New  Phil.  Jouryi.  (1828),  v.  j).  94  ;  De  la  Vallee  Poussin  and  lleiiard,  Acad.  Roy. 
Belg.  1876,  p.  41  ;  Plartley,  Journ.  Chem.  i^oc.  ser.  2,  xiv.  p.  137  ;  ser.  3,  ii.  p.  241  ; 
Miorosco^p.  Joani.  xv.  p.  170  ;  Brit,  1877,  Sect.  p.  232. 

See  Sorby,  Proc.  Roy.  Soc.  xvii.  (1869),  pp.  295,  301.  Vogelsang  thought  it  more 
probable  that  there  is  only  one  liquid  consisting  of  "water  charged  with  ('arhonic  acid,  tin* 
globule  consisting  of  the  carbon  dioxide  in  the  gaseous  form.  Roygend.  Ann.  cxxxvii.  p. 
69.  Liquid  carbon  dioxide  has  been  recognised  as  the  iluid  filling  many  of  the  cavities  in 
crystals.  Simmler,  Poggend.  Ann.  cv.  p.  460  ;  Vogelsang  and  Geissler,  o]).  alt.  cxxxvii. 
(1869),  pp.  56,  265  ;  Sorby,  Proc.  Roy.  Soc.  xvii.  (1869),  p.  291.  <h  W.  Hawes  luis 
described  a  remarkable  instance  in  the  quartz  of  a  pegmatite  vein  in  Connecti(‘ut  wherc^  the 
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chiloride  of  sodium  may  be  occasionally  observed  in  the  fluid,  which 
must  in  such  cases  be  a  saturated  solution  of  this  salt  (Fig.  10,  lowest 
figure  in  Column  A).  Usually  each  cavity  contains  a  small  globule  or 
bubble  sometimes  stationary,  sometimes  movable  from  one  side  or  end 
of  the’ cavity  to  the  other,  as  tlie  specimen  is  turned.  With  a  high 
mamiifvino-  power,  the  minuter  bubbles  may  be  observed  to  be  in  motion, 
°  sometimes  slowly  pulsating  from 

vibrating 

like  a  living  organism.  The 
cause  of  this  trepidation,  which 
resembles  the  so-called  “Brown- 
^  ian  movements,”  has  been  plaus- 

C  1  explained  by  the  incessant 

V  interchange  of  the  molecules 

w  from  the  liquid  to  the  vaporous 

condition  along  the  surface  where 
vapours  and  liquid  meet — an 
^  ,  T  •  ■  •  1  interchange  which,  though  not 

Fig.  10.— Cavities  in  Crystals  highly  luasnilied  a,Lkiui(1  .  ^  ^  xT 

Inclusions;  B,  Glass  Inclusions ;  c,  Cavities  showing  Visible  On  the  large  bubblCS, 
the  devitrification  ofthe  original  glass  by  the  appear-  makes  itself  apparent  in  the 

ance  of  crystals,  &c.,  until  in  the  lowest  figure  a  examples,  of  which  the 

stony  or  lithoid  product  IS  formed.  .  x  ^ 

dimensions  are  comparable  to 

those  of  the  intermolecular  spaces.^  The  bubble  may  be  made  to 
disappear  by  the  application  of  heat. 

With  regard  to  the  origin  of  the  bubble,  Sorby  pointed  out  that  it 
can  be  imitated  in  artificial  crystals,  in  which  he  explained  its  existence 
by  diminution  of  volume  of  the  liquid  owing  to  a  lowering  of  temperature 
after  its  enclosure.  By  a  series  of  experiments  he  ascertained  the  rate  of 
expansion  of  water  and  saline  solutions  up  to  a  temjieraturc  of  200°  C. 
(392°  Fahr.),  and  calculated  from  them  the  temperature  at  which  the 
liquid  in  crystals  would  entirely  fill  its  enclosing  cavities.  Thus,  in  the 
nepheline  of  the  ejected  blocks  of  Monte  Somma,  he  found  that  the 
relative  size  of  the  vacuities  was  about  *28  of  the  fluid,  and  assuming  the 
pressure  under  which  the  crystals  were  formed  to  have  been  not  much 
greater  than  sufficient  to  counteract  the  elastic  force  of  the  vapour,  he 
concluded  that  the  nepheline  may  have  been  formed  at  a  tempera¬ 
ture  of  about  340°  C.  (644°  Fahr.),  or  a  very  dull  red  heat,  only  just 
visible  in  the  dark.  He  estimated  also  from  the  fluid  cavities  in  the 


outer  zone  of  the  cavity  consists  of  water,  the  middle  zone  of  liquiil  carbonic  dioxide,  and 
the  inner  globule  of  the  acid  in  gaseous  form,  Amer.  Jouni.  ScL  xxi.  (1881),  p.  204.  Mr. 
A.  W.  Wright  has  determined  that  the  gases  in  the  cavities  of  smoky  quartz  consist  of 
CO2  98*33  per  cent,  N  1*67  ;  with  traces  of  H.^S,  SOo,  HoN,  and  doubtfully  Cl.  Ojp.  cif, 

p.  216. 

^  Charbouelle  and  Thirion,  Rev.  Quest,  ^cientlji.  vii.  (1880),  p.  43  ;  G.  W.  Hawes,  Anier. 
Journ.  Sci.  xxi.  (1881),  p.  203 ;  A.  W.  Wright,  ibid.  p.  209  ;  Von  Lasaulx  and  A.  Renard, 
Ruderrhein.  Ges.  Bonn  (1874),  p.  254.  On  the  critical  point  of  water,  &e.,  in  tlie.se 
cavities,  see  Hartley,  Journ.  Qlimi.  Boc.  ser.  3,  ii.  p.  241.  See  also  Pop.  Bel.  Rev.  new 
ser.  i.  p.  119  ;  Proc.  Roi/.  Boc.  xxvi.  (1875),  pp.  137, 150. 
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quartz  of  granite  that  this  rock  has  probably  consolidated  at  somewhat 
similar  temperatures,  under  a  pressure  sometimes  equal  to  that  of  76,000 
feet  of  rockd  Zirkel,  however,  has  pointed  out  that  even  in  contiguous 
cavities,  where  there  is  no  evidence  of  leakage  through  fine  fissures,  the 
relative  size  of  the  vacuole  varies  within  very  wide  limits,  and  in  such 
a  manner  as  to  indicate  no  relation  whatever  to  the  dimensions  of  the 
enclosing  cavities.  Had  the  vacuole  been  due  merely  to  the  contraction 
of  the  liquid  on  cooling,  it  ought  to  have  always  been  proportionate  to 
the  size  of  the  cavity.- 

MM.  De  la  Vall6e  Poussin  and  Eenard,  attacking  the  question  from 
another  side,  measured  the  relative  dimensions  of  the  vesicle  and  of  its 
enclosed  water  and  cube  of  rock-salt,  as  contained  in  the  (juartziferous 
diorite  of  Quenast  in  Belgium.  The  temperature  at  which  the  ascertained 
volume  of  water  in  the  cavity  would  dissolve  its  salt  was  found  by  cal¬ 
culation  to  be  307"’  C.  (520"’  Fahr.).  But  as  the  law  of  the  solubility  of 
common  salt  had  not  been  experimentally  determined  for  high  tempera¬ 
tures,  this  figure  could  only  be  accepted  provisionally,  though  other 
considerations  went  to  indicate  that  it  is  probably  not  far  from  the  truth. 
Assuming  then  that  this  was  the  temperature  at  which  the  vesicle  was 
formed,  these  authors  proceeded  to  determine  the  pressure  necessary  to 
prevent  the  complete  vaporisation  of  the  water  at  that  temperature,  and 
obtained,  as  the  result,  a  pressure  of  87  atmospheres,  equal  to  84-  tons  per 
square  foot  of  surface.'^  That  many  rocks  were  formed  under  great 
pressure  is  well  shown  by  the  liquid  carbon-dioxide  in  the  pores  of  their 
crystals. 

Although,  perhaps,  in  most  cases,  the  liquid  inclusions  are  to  ])e 
referred  to  the  conditions  under  which  the  minerals  containing  them 
crystallised  out  of  the  original  magma,  they  have  in  some  cases  evidently 
been  developed  long  subsequently  by  a  process  of  internal  solution,  either 
in  one  of  the  original  minerals  during  decomposition,  or  in  a  minenil  of 
secondary  origin,  such  as  quartz  of  subsequent  introduction. 

Liquid  inclusions  may  be  dispersed  at  random  through  a  crystal,  or, 
as  in  the  quartz  of  granite,  gathered  in  intersecting  planes  (which  look 
like  fine  fissures  and  which  may  sometimes  have  become  real  fissures, 
owing  to  the  line  of  weakness  caused  by  the  crowding  of  the  cavities),  or 
disposed  regularly  in  reference  to  the  contour  of  the  crystal.  In  the  last 
case  they  are  sometimes  confined  to  the  centre,  sometimes  arranged  in 
zones  along  the  lines  of  growth  of  the  crystal. In  this  form  tliey  are 

^  Sorhy,  Quart.  Journ.  (irol.  Sor.  xiv.  pp.  480,  493. 

“  Olik.  Bescliaff.’  p.  46. 

^  ‘‘  Mt'iiioire  Kur  les  Roches  clite.s  PlutouienrieK  du  la  Belgujue,”  J)c  la  Valh'e  Poussin  atul 
A.  Renard,  Acad.  Hoy.  Belg.  1876,  p.  41.  Sec  also  Ward,  (^>.  J.  O',  S.  xxxi.  p.  5f)8,  who 
believed  that  the  granites  of  Cinnherluiid  consoUdated  at  a  inaxiimim  de]»ih  ol‘  22,000 
to  30,000  feet. 

See  'Whitman  Uioss  on  the  deve.loi)nient  of  liquid  inclusions  in  pla^doclase  duririp’  llie 
decomposition  of  the  j^neiss  of  Brittany,  TH('kennald.H  Alin.  AfiUhrit.  1880,  p.  309  ;  also 
(t.  F.  Beeker,  “Geology  of  Comstock  Bode,”  U.  S.  (L  S.  1882,  p.  371. 

^  The  way  in  which  vesicles,  enclosed  crystals,  arc  gi‘ou})<*d  uhui”'  the  /ones  <d‘ 

growth  of  crystals  is  illustrated  in  Fig*  11. 
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specially  conspicuous  in  the  quartz  of  granite  and  other  massive  rocks,  as 

well  as  of  gneiss  and  mica-schist.  i  i  ,  -i 

7  Inclusions  of  glass  or  of  some  htlioid  substance.  —  In 
many  rocks  which  have  consolidated  from  fusion,  the  component  crystals 
contain  o-lobules  or  irregularly  shaped  enclosures  of  a  vitreous  nature  (Fig. 
10  Column  B).  These  enclosures  are  analogous  to  the  fluid-inclusions  just 
described.  They  are  portions  of  the  original  glas^,y  magma  out  of  which 
the  minerals  of  the  rock  crystallised,  as  portions  of  the  mother-liquor  are 
enclosed  in  artificially  formed  crystals  of  common  salt.  That  magma  is 
in  reality  a  liquid  at  high  temperatures,  though  at  ordinary  temperatures 
it  becomes  a  solid.  At  first,  these  glass- vesicles  may  be  confounded  with 
the  true  liquid-cavities,  which  in  some  respects  they  closely  resemble. 
But  they  may  be  distinguished  by  the  immobility  of  their  bubbles,  of 
which  several  are  sometimes  present  in  the  same  cavity  ;  by  the  absence 
of  any  diminution  of  the  hubbies  when  heat  is  applied ;  by  the  elongated 
shape  of  many  of  the  bubbles ;  by  the  occasional  extrusion  of  a  liubble 
almost  beyond  the  walls  of  the  vesicle  ;  by  the  usual  pale  greenish  or 
brownish  tint  of  the  substance  filling  the  vesicle,  and  its  identity  with 
that  forming  the  surrounding  base  or  ground-mass  in  which  the  crystals 
are  imbedded  ;  and  by  the  complete  passivity  of  the  substance  in  polarised 
light  (see  p.  125). 

Glass  inclusions  occur  abundantly  in  some  minerals,  aggregated  in  the 
centre  of  a  crystal  or  ranged  along  its  zones  of  growth  with  singular 
regularity.  They  appear  in  felspars,  quartz,  leucite,  and  other  crystalline 
ingredients  of  volcanic  rocks,  and  of  course  prove  that  in  such  positions 
these  minerals,  even  the  refractory  quartz,  have  undoubtedly  crystallised 
out  of  molten  solutions. 

In  inclusions  of  a  truly  vitreous  nature,  traces  of  devitrification  may 
not  infrequently  he  seen.  In  jDarticular,  microscopic  crystallites  (p.  148) 
make  their  appearance,  like  those  in  the  ground -mass  of  the  rock. 
Sometimes  the  inclusions,  like  the  general  ground-mass,  have  an  entirely 
stony  character  (Big.  10,  C).  This  may  be  well  observed  in  those  which 
have  not  been  entirely  separated  from  the  surrounding  ground-mass,  but 
are  connected  with  it  by  a  narrow  neck  at  the  periphery  of  the  enclosing' 
crystal.  In  some  granites  and  in  elvans,  the  quartz  by  irregular  contrac¬ 
tion,  while  still  in  a  plastic  state,  appears  to  have  drawn  into  its  substance 
portions  of  tbe  surrounding  already  lithoid  l)ase ;  ^  but  this  appearance 
may  sometimes  be  due  to  irregular  corrosion  of  the’  crystals  by  the 
magma.- 

8,  Crystals  and  crystalline  bodies. — Many  component  minerals 
of  rocks  contain  other  minerals  (Fig.  11).  These  occur  sometimes  as 
perfect  crystals,  more  usually  as  what  are  termed  microlites  (p.  148). 
Like  the  glass-inclusions,  they  tend  to  range  themselves  in  lines  along 
the  successive  zones  of  growth  in  the  enclosing  mineral.  Microlites  are 
of  frequent  occurrence  in  leucite,  garnet,  augite,  hornblende,  calcite, 
fluorite,  &c.  From  the  fact  that  microlites  of  the  easily  fusible  augite 

^  J.  A.  Phillips,  Q.  J.  O.  S.  xxxi.  p.  338. 

2  Fouque  and  Micliel-L6vy,  ‘Min.  Micrograph.’ 
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are,  in  the  Yesuvian  lavas,  enclosed  within  the  extremely  refractory 
leucite,  it  was  supposed  that  the  relative  order  of  fusibility  is  not  always 
followed  in  the  microlites  and 


enveloping  crystals.  But  this 
has  been  satisfactorily  explained 
by  MM.  Foiiqiie  and  Michel-Levy, 
who  have  shown  experimentally 
that  leucite,  when  crystallising 
from  fusion,  tends  to  catch  up 
inclusions  of  the  surrounding 
glass,  which,  should  the  glass  hi\ 
pyroxenic,  may  assume  the  form 
of  augite.^ 

e.  Filaments,  streaks, 
patches,  discolorations. — 
Besides  the  enclosures  already 
enumerated,  crystals  likewise 
frequently  enclose  irregular  por¬ 
tions  of  mineral  matter,  due  to 
alteration  of  the  original  sul)- 
stance  of  the  minerals  or  rocks. 


Kijj;.  11.— tS(‘ction  u/'  <'i  frac'ini’c'd  and  coiToddd  Aiij4’it(* 
Gry.stal  frcnii  a  Caavvrordjolin,  LuiiarkHhin* 

(uui^uilic'.d),  showing  liii(‘.s  of  j-Towlb  witli  V(‘siclGs 
and  lua^oictiio  cryHlals, 


Thus  tufts  and  vermicular  aggregates  of  certain  green  ferruginous 
silicates  are  of  common  occurrence  among  the  crystals  and  cavities 
of  old  pyroxenic  volcanic  rocks.  Orthoclasc  crystals  are  often 
mottled  with  patches  of  a  granular  nature,  due  to  partial  conversion 
of  the  mineral  into  kaolin.  The  magnetite,  so  frequently  enclosed 
within  minerals,  is  alnindantly  oxidised,  and  has  given  rise  to  lirown 
and  yellow  patches  and  discolorations.  The  titaniforous  iron  has 
often  been  altered  and  partially  rejilaced  ])y  aiiiorphous  streaks 
and  patches  of  leucoxene.  Care  must  he  taken  not  to  confound  these 
results  of  infiltrating  water  with  the  original  cluuucttu’s  of  a  rock. 
Practice  will  give  the  student  confidence  in  distinguishing  them,  if  he 
familiaidses  his  eye  with  decomposition  products  hj^  studying  slices  or 
the  powder  of  weathered  minerals  and  of  the  weathor(Ml  parts  of  rocks. 

B.  Glass. — Even  to  the  unassisted  eye,  many  volcanic  rocks  consist 
obviously  in  whole  or  in  great  measure  of  glass.-  This  substance  in 
mass  is  usu^^ly  black  or  dark  green,  but  when  examined  in  thin  sections 
under  the  microscope  it  presents  for  the  most  part  a  pale  l)rown  tint,  or 
is  nearly  colourless.  In,  its  purest  condition  it  is  (juitcj  structureless, 
that  is,  it  contains  no  crystals,  crystallites,  or  other  distinguishable 
individualised  bodies.  But  even  in  this  state  it  may  sometimes  be 
observed  to  be  marked  by  clot-like  patches  or  streaks  of  darkuu.’  and 
lighter  tint,  arranged  in  lines  or  eddy-like  curves,  indicative  of  the  flow 
of  the  original  fluid  mass.  Rotated  in  the  dark  field  of  crossed  Nicol- 
prisms,  such  a  natural  glass  remains  dark,  as,  unless  whore  it  lias  under¬ 
gone  internal  stresses,  it  is  perfectly  inert  in  polarised  light.  Being  thus 


^  ‘Synthese  <leH  Mint'raux,'  18H2,  p.  155. 

“  See  K.  (Jolieii  on  Gla.s.sy  lioelcK,  Jithrh.  1.S80  (ii.),  ji. 
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isotropc,  it  may  readily  be  distinguished  from  any  enclosed  crystals  which, 
acting  on  the  light,  are  anisotropc  (p.  125).  Perfectly  homogeneous 
structureless  glass,  without  enclosures  of  any  kind,  occurs  for  the  most 
part  only  in  limited  patches,  even  in  the  most  thoroughly  vitreous  rocks. 
Originally  the  structure  of  all  glassy  rocks,  at  the  time  of  most  complete 
fusion,  may  have  been  that  of  perfectly  unindividualised  glass.  But  as 
these  masses  tended  towards  a  solid  form,  devitrification  of  their  glass 
set  in.  Many  forms  of  incipient  or  imperfect  crystallisation,  as  well  as 
perfect  crystals,  were  developed  in  the  still  fluid  and  moving  mass, 
and,  together  with  crystals  of  earlier  growth,  were  arranged  in  the 
direction  of  motion.  Devitrification  has  in  frequent  examples  proceeded 
so  far  that  no  trace  remains  of  any  actual  glass.^ 

C.  Crystallites  and  Microutes.*^ — Under  these  names  may  be 
included  minute  inorganic  bodies  possessing  a  more  or  less  definite  form, 
but  generally  without  the  geometrical  characters  of  crystals.  They  occur 
most  commonly  in  rocks  which  have  been  formed  from  igneous  fusion, 
but  are  found  also  in  others  which  have  resulted  from,  or  have  been 
altered  by,  aqueous,  solutions.  They  seem  to  be  early  or  peculiar  forms 
of  crystallisation.  They  are  abundantly  developed  in  artificial  slags,  and 
appear  in  many  modern  and  ancient  vitreous  rocks,  but  the  conditions 
under  which  they  are  produced  are  not  yet  well  understood.^ 

Crystallites  are  distinguished  by  remaining  isotropic  in  polarised 
light.  The  simplest  are  extremely  minute  drop-like  bodies  or  glohulites, 
sometimes  crowded  confusedly  through  the  glass,  giving  it  a  dull  or 
somewhat  granular  character,  while  in  other  cases  they  are  arranged  in 
lines  or  groups.  Gradations  can  be  traced  froni  spherical  or  spheroidal 
globulites  into  other  forms  more  elliptical  in  shape,  but  still  having  a 
rounded  outline  and  sometimes  sharp  ends  (longuliks).  There  does  not 
appear  to  be  any  essential  distinction,  save  in  degree  of  development, 
between  these  forms  and  the  long  rod-like  or  needle-shaped  bodies  which 
have  been  termed  helonites.  Existing  sometimes  as  mere  simple  needles 
or  rods,  these  more  elongated  crystallites  may  be  traced  into  more 
complex  forms,  curved  or  coiled,  at  one  time  solitary,  at  another  in 
groups.  In  most  cases,  crystallites  are  transparent  and  colourless,  or 
slightly  tinted,  but  sometimes  they  are  black  and  opaque,  from  a  coating 
of  ferruginous  oxide,  or  only  appear  so  as  an  optical  delusion  from  their 
position.  Black,  seemingly  opaque,  hair-like,  twisted  and  curved  forms, 
termed  trichitea^  occur  abundantly  in  obsidian. 

^  Consult  a  paper  on  the  inicroscopic  character  of  devitritied  glass  and  sonic  analogous 
rock-striictures,  by  D.  Herman  and  F.  Rutley,  Eroc.  Ruy.  Soc.  1885,  p.  87. 

-  The  word  crystallite  was  first  used  by  Sir  James  Hall  to  denote  the  lithoid  substance 
obtained  by  him  after  fusing  and  then  slowly  cooling  various  “whinstones”  (diabases,  &c.). 
Since  its  revival  in  lithology  it  has  been  applied  to  the  minuter  bodies  above  described. 
The  student  should  consult  Vogelsang’s  ‘Philosophic  der  Geologic,’  p.  139  ;  ‘ Krystalliten,’ 
Bonn,  8vo,  1875  ;  also  his  descriptions  in  Archives  Nhrlanclaises,  v.  1870,  vi.  1871.  Sorby, 
Bril.  Assoc.  1880.  Vogelsang  was  the  first  to  describe  and  classify  these  minute  objects. 

2  They  are  well  exhibited  also  in  ordinary  blow-pipe  beads.  See  Sorby,  Brit.  Assoc. 
1880,  or  Qeol.  Alag.  1880,  p.  468.  They  have  been  produced  experimentally  in  the 
artificial  rocks  fused  by  MM.  Foiique  and  Michel-Lcvy. 
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Microlites  are  other  incipient  forms  of  crystallisation  which  differ 
from  crystallites  in  that  they  react  on  polarised  light.  They  assume  rod¬ 
like  or  needle-shaped  forms  sometimes  occurring  singly,  sometimes  in 
^^gregates,  and  even  occasionally  grouped  into  skeleton  crystals.  They 
can  for  the  most  part  he  identified  as  rudimentary  forms  of  definite 
minerals,  such  as  augite,  hornblende,  felspar,  olivine,  and  magnetite. 

Good  illustrations  of  the  general  character  and  grouping  of  crystallites 
and  microlites  are  shown  in  some  vitreous  basalts  and  andesites.  Thus  in 


KiK-  12. — Augite  Crystal  surrounded  by  Crys¬ 
tallites  and  Microlites,  from  the  vitreous 
Andesite  of  Eshdaleiiaiir,  inagniiled  800 
diameters. 


Fig.  i:i.— -Microlites  and  Crystallites  of  the  Pitch- 
stone  of  Arran,  niagnilied  70  diameters. 
(Seep.  210.) 


Fig.  12  the  outer  portion  of  the  field  displays  crowded  giobulites  and 
longulites,  as  well  as  here  and  there  a  few  belonites  and  some  curved  and 
coiled  trichites.  Eoiind  the  rude  augite  crystal,  these  various  bodies  have 
l^een  drawn  together  out  of  the  surrounding  glass.  Numerous  rod-like 
microlites  diverge  from  the  crystal,  aud  these  are  more  or  less  thickly 
crusted  with  the  simpler  aud  smaller  forms.^  In  Fig.  13,  the  remarkably 
I  >eautiful  structure  of  au  Arran  pitchstonc  is  shown ;  the  glassy  base 
being  crowded  with  minute  microlites  of  hornblende  which  are  grouped 
in  a  fine  feathery  or  hrush-like  arrangement  round  tapering  rods.  In 
this  case,  also,  we  see  that  the  glassy  base  has  liecn  clarified  round  tin* 
larger  individuals  by  the  abstraction  of  the  crowded  smaller  microlites.  By 
the  progressive  development  of  crystallites,  microlites,  or  crystals  during 
the  cooling  and  consolidation  of  a  molten  rock,  a  glass  loses  its  vitreous 
character  and  becomes  lithoid  ;  in  other  words,  undergoes  devitrification. 

The  characteristic  amorphous  or  indefinitely  granular  and  fibrous  or 
scaly  matter,  constituting  the  microscopic  base  in  which  the  definite 
crystals  of  felsites  and  porphyries  are  imbedded  (pp.  209,  216),  has 
]>een  the  subject  of  much  discussion.  Between  crossed  Nicol-prisms  it 
s<>  me  times  behaves  isotropically,  like  a  glass,  but  in  other  cases  allows 
a  mottled  glimmering  light  to  pass  through.  It  is  now  well  understood 
to  a  product  of  the  devitrification  of  once  glassy  rocks  wherein  the 

1  Hoy.  Phys.  t^oc.  Kdm.  v.  p.  240,  Plate  v.  Fig.  .0.  ,1.  ,7.  H.  'IVull,  ij.  ./,  a.  S, 

xL  p.  221,  Plate  .xii.  Fig.  2a. 
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crystallitic  and  microlitic  forms  can  still  be  recognised  or  have  been  more 
or  less  effaced  by  subsequent  alteration  by  infiltiating  watei. 

Every  i^radation  in  tbe  relative  abundance  of  crystallites  naay  be 
traced  In  some  obsidians  and  other  vitreous  rocks,  portions  of  the 
c^lass  can  be  obtained  with  comparatively  few  of  them  ;  but  in  the  same 
rocks  we  may  not  infrequently  observe  adjacent  parts  where  they  have 
been  so  largely  developed  as  to  usurp  tbe  place  of  the  original  glass,  and 
tnve  the  rock  in  consequence  a  lithoid  aspect  (Fig.  10,  C',  and  pp.  ^10-^16). 
°  D  Detritus. — Many  rocks  are  composed  ot  the  detritus  ot  jne- 
existin<^  materials.  In  the  great  majority  of  cases  this  can  bo  readily 
detected  even  with  tbe  naked  eye.  But  where  the  texture  of  such 
detrital  or  fragmental  (clastic)  rocks  becomes  exceedingly  fine,  their  true 
nature  may  require  elucidation  with  the  microscope  (Figs.  20,  21).  An 
obvious  distinction  can  be  drawn  between  a  mass  of  compact  detritus  and 
a  crystalline  or  vitreous  rock.  The  detrital  materials  are  found  to  con.si.st 
of  various  and  irregularly  shaped  grains,  with  more  or  less  of  an  amorphon.s 
and  generally  granular  paste.  In  some  cases  the  grains  arc  hrokeii  ^and 
angular,  in  others  they  are  rounded  or  waterworn  (pp.  164,  1  66).  They 
consist  of  minerals  (quartz,  chert,  felspars,  mica,  cK:c.),  or  of  rocks 
(slate,  limestone,  basalt,  &c.),  or  of  the  remains  of  plants  or  animals 
(spores  of  ly copods,  fragments  of  shells,  crinoids,  cK^c.).  It  is  evident 
therefore  that  though  some  of  them  may  be  crystalline,  the  rock  of  which 
they  now  form  part  is  a  non -crystalline  compound.  Water,  wdtli 
carbonate  of  lime  or  other  mineral  matter  in  solution,  pernieatin|j^  a 
detrital  rock,  has  sometimes  allowed  its  dissolved  materials  to  crystallise 
among  the  interstices  of  the  detritus,  thus  producing  a  more  or  less 
distinctly  crystalline  structure.  But  the  fundamentally  secondary  or 
derivative  nature  of  the  mass  is  not  always  thereby  effaced.^ 


2.  Myroscopic  Structures  of  llocks. 

We  have  next  to  consider  the  manner  in  which  the  foregoiiig 
microscopic  elements  are  associated  in  rocks.  This  inquiry  brings  before 
us  the  minute  structure  or  texture  of  rocks,  and  throws  great  light  upon 
their  origin  and  history.^ 

Four  types  of  rock-structure  are  revealed  by  the  microscope A, 
holocrystalline ;  B,  hemi-crystalline ;  C,  glassy ;  I),  clastic. 

xA.  Holocrystalline,  -consisting  entirely  of  crystals  or  crystalline 
individuals,  whether  visible  to  the  naked  eye,  or  requiring  the  aid  of  a 
microscope,  imbedded  in  each  other  without  any  intervening  amorphous 
substance.  Rocks  of  this  type  are  exemplified  by  granite  (Figs.  14  and  28) 
and  by  other  igneous  rocks.  But  they  occur  also  among  the  crystalline 

^  See  Zirkel,  ‘Mik.  Besekaff.’  p.  280.  Eoseiibusch,  ‘  Mikroskop.  Phys.’  vol.  ii. 

^  On  the  microscopic  character  of  detrital  rocks  consult  the  volume  of  ]VI.  CayeuXj  •eifced 
ante,  p.  1Q6  ;  also  the  manuals  of  Zirkel  and  Rosenbusch. 

The  first  broad  classification  of  the  microscopic  structures  of  rock.s  was  that  proposed 
by  Zirkel,  whieli,  with  slight  modification,  is  liete  adopted.  ‘Mik.  Beschaff.*  p.  265  ; 
‘3asaltgesteme,*  p.  88;  ‘LehrbUcli,’  i.  p.  686.  See  also  Rosenbu.sch’s  suggestive  paper 
already  cited,  1882  (ii.  ),  p.  1. 
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limestones  and  schists,  as  in  statuary  marlde,  which  consists  entirely  of 
crystalline  granules  of  calcite  (Fig.  27).  Professor  Zirkel  recognises  the 
following  three  varieties  in  this  type  of  structure.^ 

(1)  No  constituent  is  more  prominent  tlian  .-inotlier  either  as  to  form  or  size.  In 
some  cases  the  whole  of  the  minerals  are  of  nearly  ertual  dimeiisions,  entirely  or  almost 
entirely  all otrioniorphic  (xenomorphic)  in  sha})e,  and  vary  in  sijce  from  coarse  granular,  as 
in  many  granites,  down  to  microscopic  fineness.  This  is  the  ‘‘granitic  structure”  of 
]VI.  Micliel-Levy,  and  the  “  hypidioinorpliic  structure  ”  of  Professor  Koscnhusch.  In  otlicr 
cases,  a  pegmatitic  intergrowtli  of  the  minerals,  especially  quartz  and  felspar,  pervades 
the  rock  and  gives  rise  to  the  “pegmatoid’’  or  ‘‘ micropcgmatitic  ”  structure  of  the 
former  petrographer,  and  the  “  graiiopliyric  ”  structure  of  tlie  latter. 

(2)  Some  constituents  are  conspicuous  above  the  rest  hy  their  more  automorphie 
(idioinorphic)  forms.  This  may  arise  in  a  rock  of  tolerably  uniform  grain  hy  the  appear¬ 
ance  of  crystals  with  some  of  their  ciystallograpliic  faces  developed  (“graiuilitic  ”  of 
IMichel-Levy,  “  panidiomorphic  ”  of  Roseiibusch)  ;  or  where  tln^  felspar-laths  have  sonui 
other  crystalline  mineral  sfpieezed,  as  it  were,  in  between  them,  giving  ris(‘  to  the 
“  intersertal  ”  or  “  ophitic  ”  structure. 

(3)  Certain  of  the  constituents  stand  out  hy  their  size  (and  form}  above  the  other 
smaller  crystalline  ingredients  of  the  aggregate,  giving  idso  to  vai'ieti<‘s  (jf  the  porpliyr- 
itic  structure. 

As  the  holocrystalline  eruptive  rocks  (p.  liJ.5)  arc  typically  represented 
by  granite,  the  term  (jniiutoid  has  been  iiscul  to  expre.ss  their  microscopic 


Fig.  14.~lloloerystiilliii(‘  StrncLim*.  (iraiiite  (20  Fi‘ 
diameters).  Tlia  whitt*  portimis  arc  (piartz, 
the  stripml  parts  Felspar,  the  long,  dark,  limdy 
striated  stripes  are  Jliea.  (Se(i  p.  204.) 


lenii-er.yslalliiK'  Hinieturo.  Dolm’itc, 
<‘oiiHisliiig  of  a  tricliiiic  Felspar,  AugiU*,  and 
.MagrietitH  in  a  d<!vitrnied  gromid-rna.ss  (20 
diaiiK'ioi'.s).  imnH'roiiK  iiarrov;  prisms 

an*  tri<;]iiiio  Felspar ;  tlio  broader  nioiundiinc 
I'orms,  Hlighlly  shaded  in  tlie  drawing,  are 
Augitf!  ;  tin*,  b]afd<  specks  are  Magneliti*; 
the  nee(Il(!.s]iai)ed  forms  an*  Apatite.  (See 
p. 


Structure.  Where  their  elements  are  minute,  the  structuiui  ]>e<'oim‘s 
Qiiicrogranifoid  or  euritic,  and  can  in  many  cases  only  he  distinguished  from 
felsific  by  microscopic  examination.  Empty  (miarolitie,  p.  134)  cavities 
have  been  left  during  the  consolidation  of  some  igneous  rocks.  Minute 

^  ‘  Lehrbu(il),’  i.  ]».  OSS. 
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interspaces  between  the  crystalline  grains  of  a  rock  characterise  the 
mcdmToicl  structure  (Fig  27).^ 

B.  Hemi-crystalline.- — This  division  probably  comprehends  the 
majority  of  the  massive  eruptive  or  igneous  rocks.  It  is  distinguished 
by  the  occurrence  of  what  appears  to  the  naked  eye  as  a  compact  or 
finely  granular  ground-mass,  through  which  more  or  less  recognisable 
crystals  are  scattered.  Examined  with  the  microscope,  this  ground-mass 

is  found  to  present  considerable  diver¬ 
sity  (Figs.  15,  17,  31).  It  may  be 
(1)  wholly  a  glass,  as  in  some  basalts, 
trachytes,  and  other  volcanic  pro¬ 
ducts  ;  (2)  partly  de vitrified  through 
separation  of  peculiar  little  granules 
and  needles  (crystallites  and  micro- 
lites)  which  appear  in  a  vitreous  base; 
(3)  still  further  devitrified,  until  it 
becomes  an  aggregation  of  such  little 
granules,  needles,  and  hairs,  between 
which  little  or  no  glass- base  appears 
(microcrystallitic) ;  or  (4)  “micro- 
felsitic  (petrosiliceous),  closely  re- 
Pitchstone,  j^ted  to  the  two  previous  groups,  and 
consisting  of  a  nearly  structureless 
mass,  marked  usuall}^  with  indefinite  or  half-effaced  granules  and  filaments, 


Fi"  ICk~ 


Fig.  17. — Iiitersertal  or  Uiihitic  Structure.  A.  Dolrrite,  vSkyr  (luagiiified).  B,  Dfilerite, 
Gortacloghan,  Co.  Derry  (magnified). 


but  behaving  like  a  singly- refracting,  amorphous  body  (p.  149). 

^  Fouque  and  Micliel-LtWy,  ‘Min.  Micrograph.’  The  micropegmatite  of  Michel-Ijcvy 
is  the  same  as  the  structure  subsequently  named  granophyre  by  Rosenbusch.  Michel-L4vy, 
‘Roches  eruptives,’  p.  19. 

^  For  this  structure  the  term  “mixed’’  has  been  proposed,  as  being  a  mixture  of  the 
crystalline  and  amorphous  (glassy)  structures.  It  has  been  designated  by  Fouqu6  and 
Michel-L6vy  “trachytoid,”  as  being  typically  developed  among  the  trachytes  {posted^  p.  226). 
It  is  called  “  hypocrystalline  ”  by  Rosenbusch. 
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In  rocks  belonging  to  this  type,  a  sjjJienilitic  structure  has  sometimes 
been  produced  by  the  appearance  of  globular  bodies  composed  of  a 
crystalline  internally  radiating  substance,  sometimes  with  concentric  shell 
of  amorphous  material.  Spherulites  arc  sometimes  so  minute  as  to  be  only 
recognisable  with  the  microscope,  when  they  each  present  a  black  cross 
between  crossed  Nicol-prisms,  and  thereby  characteristically  reveal  the 
wicros^herulitic  structure  (Figs.  6  and  16).^ 

The  term  inters  ertal  (Zirkel,  1870)  or  o  phi  tic  (Fouque  and  Michel- 
L(H^y,  1879),  already  mentioned,  is  applied  to  a  structure  in  which  one 
mineral  after  crystallising  has  been  enclosed  within  another  during  the 
consolidation  of  an  igneous  rock  (Fig.  17).  It  is  abundant  in  many 
dolerites  and  diabases  where  some  bisilicate  such  as  augite  serves  as  a 
matrix  in  which  the  felspars  and  other  crystals  arc  enclosed.  The  name 
‘‘ophitic  ”  is  derived  from  the  so-called  ^‘ophites”  of  the  Pyrenees.- 

C.  Glassy. — Composed  of  a  volcanic  glass  such  as  has  already  been 
described.  It  seldom  happens,  however,  that  rocks  which  seem  to  the  eye 
to  be  tolerably  homogeneous  glass  do  not  contain  abundant  crystallites 
and  minute  crystals.  Hence  entirely  vitreous  rocks  are  of  comparatively 
rare  occurrence,  and  where  representatives  of  them  do  locally  occur  they 
are  apt  to  graduate  into  the  second  or  hemi-crystalline  type.  This  grada¬ 
tion  and  the  abundant  traces  of  a  de vitrified  base  or  magma  between  the 
crystals  of  a  vast  number  of  eruptive  rocks,  lead  to  the  belief  that  the 
glassy  type  was  the  original  condition  of  most  if  not  all  of  these  rocks. 
Erupted  as  molten  masses,  their  mobility  would  depend  upon  the  fluidity 
of  the  glass.  Yet  even  while  still  deep  within  the  earth’s  crust,  some  of 
their  constituent  minerals  (felspars,  leucite,  magnetite,  d;c.)  were  often 
already  ciystallised,  and  suffered  fracture  and  corrosion  by  su])soqucnt 
action  of  the  enclosing  magma.  Hence,  where  the  magma  has  subse¬ 
quently  crystallised  we  can  distinguish  between  the  earlier  crystals  (first 
consolidation)  and  those  of  the  later  time  (second  consolidation).  There 
may  thus  be  two  generations  of  felspar  in  the  same  I’ock.  The  older 
crystals  are  usually  larger  than  those  of  sul)sequent  growth. 

The  movement  of  the  magma  in  glassy  rocks  is  often  well  shown  by 
Jloiv  -  structv/re  {fluxion-^  fluctuation-^  fluidal  struckinfl  already  referred  to. 
Crystals  and  crystallites  are  ranged  in  current -like  lines,  with  their 
long  axes  in  the  direction  of  these  lines.  Where  a  large  older  crystal 
occurs,  the  train  of  minuter  individuals  is  found  to  sweep  round  it 
and  to  reunite  on  the  further  side,  or  to  be  diverted  in  an  eddy -like 
course,  with  occasional  involutions  and  contortions  (Fig.  18).  Ho 
thoroughly  is  this  arrangement  characteristic  of  the  motion  of  a  somc- 
^  Fouque  and  Midi  el- Levy,  ‘  Min.  Micrograph.’  Some  remarkably  beautiful  examples 
of  microspherulitic  structure  occur  in  the  quartz-porphyrie.s  that  traverse  the  lower  Oaiubrian 
tuffs  at  St.  David’s.  Q.  J,  O.  S.  xxxix.  p.  313. 

These  rocks  (which  are  connected  with  the  diabases)  have  been  critically  studied  by 
IVIichel-Levy,  M.  S.  O.  F.  vi.  (1877),  p.  156  ;  x.  (1882)  ;  Caralp,  ‘  Etudes  geologique.s  sur  les 
liaiits  Massifs  des  Pyrenees  centrales,’  Toulouse,  1888  ;  J.  Kiihn,  E.  I).  G.  (L  xxxiii. 
(1881),  p.  372;  Dieulafait,  Oompt.  rend.  xciv.  (1882),  i>.  667;  xcvii.  (1883),  p,  1089; 
JLacroix,  op.  cit.  cx.  (1890),  p.  1011  ;  Bitll.  Soc.  Mia.  Fat  are,  xiv.  (1891),  [>.  30  ;  J.  Seuiies, 
^  n a.  Mi neft,  xviii.  (1890),  p.  434. 
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what  viscid  liquid,  that  there  cannot  be  any  doubt  that  such  was  the 
condition  of  these  masses  before  their  consolidation.  This  flow-structure 
may  be  detected  in  many  eruptive  rocks,  from  thoroughly  vitreous  com¬ 
pounds  like  obsidian,  on  the  one  hand,  to  completely  crystalline  masses 
like  some  dolerites,  on  the  other.  It  occurs  not  only  in  what  are  usually 
regarded  as  volcanic  rocks,  but  also  in  plutonic  or  deep-seated  masses 
wiiich,  there  is  reason  to  believe,  consolidated  beneath  the  surface.  An 
instance  was  described  by  Losseii  in  the  Bode  vein  of  the  Harz.  Many 
other  examples  have  since  been  found  among  quartz-porphyries  associated 
with  granites  in  Aberdeenshire,  in  felsite  dykes  and  bosses  in  the  Shet- 
lands,  Skye,  and  southern  Ireland,  and  among  the  basic  dykes  of  central 
and  western  Scotland.  The  structure,  therefore,  cannot  be  regarded  as 


Vb^.  IS,— Flow-strucrart'  hi  ObHidiau  Idg.  In.— IVrlitic  Structure.  Felwitic  }j;las«, 

(•20  diameters).  Mull  (magnified). 


of  itself  affording  any  presumption  that  the  rock  in  which  it  is  found  ever 
flowed  out  at  the  surface  as  lava. 

Some  glassy  rocks,  in  cooling  and  consolidating,  have  had  sphernlites 
developed  in  them  (Fig.  16)  ;  also  by  contraction  the  system  of  reticulated 
and  spiral  cracks  known  as  perlitic  structure  (p.  133,  and  Figs.  8  and  19). 

The  final  stiffening  of  a  vitreous  mass  into  solid  stone  has  resulted 
(1st)  from  mere  solidification  of  the  glass  :  this  is  well  seen  at  the  edge 
of  dykes  and  intrusive  sheets  of  different  hasalt-rocks,  where  the  igneous 
mass,  having  been  suddenly  congealed  along  its  line  of  contact  with  the 
surrounding  rocks,  remains  there  in  the  condition  of  glass,  though  only 
an  inch  farther  inward  from  the  chilled  edge  the  vitreous  magma  has  dis¬ 
appeared,  as  represented  in  Fig.  306 ;  (2nd)  from  the  devitrification  of 
the  glass  by  the  abundant  development  of  microfelsitic  granules  and 
filaments,  as  in  quartz-porphyry,  or  of  crystallites,  microlites  and  crystals, 
as  in  such  glassy  rocks  as  obsidian  and  tachylite ;  or  (3rcl)  from  the 
more  or  less  complete  crystallisation  of  the  original  glassy  base,  as  may 
be  observed  in  some  dolerites. 

D.  Clastic. — Composed  of  detrital  materials,  such  as  have  been 
already  described  (pp.  135,  150,  and  Fig.  20).  Where  these  materials 
consist  of  grains  of  quartz-sand,  they  withstand  almost  any  subsequent 
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change,  and  hence  can  be  recognised  even  among  a  highly  metamorphosed 
series  of  rocks.  Quartzite  from  such  a  series  can  sometimes  be  scarcely 
distinguished  under  the  microscope  from  unaltered  quartzose  sandstone. 
Where  the  detritus  has  resulted  from  the  destruction  of  aluminous  oi- 
magnesian  silicates,  it  is  more  susceptible  of  alteration.  Hence  it  can 
he  traced  in  regions  of  local  metamorphism,  becoming  more  and  more 
crystalline,  until  the  rocks  formed  of  or  containing  it  pass  into  true 
crystalline  schists. 

Detritus  derived  from  the  comminution  or  decay  of  organic  remains 
presents  very  different  and  characteristic  structures  (Fig.  21).  Some¬ 
times  it  is  of  a  siliceous  nature,  as  where  it  has  been  derived  from 
diatoms  and  radiolarians.  But  most  of  the  organically  derived  dctrital 


Fi'j;,  20. — Clastic  Structure,  of  Iuor};'auic  Orij^iu —  Ki^'.  21. — (Mastic  Strucuin*-,  of  ( )rfi:iuiic  Origin — 

Soctiou  of  a  x)i(3CB  of  (Jrcywackc.  (10  Mia-  Structure  of  Chalk  (Sorhy).  (Maj^uiidcd  100 

utetors.  See  13.  lOO.)  <liaiiiet{.‘rH.  See  p.  iTik) 


rocks  are  calcareous,  formed  from  the  remains  of  foraminifera,  corals, 
echinoderms,  polyzoa,  cirripedes,  annelides,  mollusks,  Crustacea  and 
other  invertebrates,  with  occasional  traces  of  fishes  or  even  of  higher 
vertebrates.  Distinct  differences  of  microscopic  structure  can  lie  detected 
in  the  hard  parts  of  some  of  the  living  representatives  of  these  forms, 
and  similar  differences  have  been  detected  in  beds  of  limestone  of  all 
ages.  Mr.  Sorby,  in  a  paper  already  cited,  has  shown  how  characteristic 
and  persistent  are  some  of  these  distinctions,  and  how  they  may  be 
made  to  indicate  the  origin  of  the  rock  in  which  they  occur.'-  There  is 
an  important  difference  between  the  two  forms  in  which  carbonate  of 
lime  is  made  use  of  by  invertebrate  animals  ;  aragonite  being  much  less 
durable  than  calcite  (pp.  106,  177).  Hence,  while  shells  of  gastero])ods, 
many  lamellibranchs,  corals  and  other,  organisms,  formed  largely  or 
wholly  of  aragonite,  crumble  down  into  mere  amorphous  mud,  ])ass  into 

'  The  student  wlio  would  further  investigate  this  subject  should  consult  the  suggc.stivc*. 
and  luniinons  essay  hy  Mr.  Sorhy  in  his  Presidential  Address  to  the  Geological  Society, 
Q.  J.  (f.  S.  1879.  The  nuci'o.seo})ic  (diaracters  of  a  series  of  Mesozoic  and  Tertiary  detrital 
rocks  are  given  by  Dr.  L.  Oayeux  in  his  ‘  r.'oiitrihution  a  T-Etude  inicrographi(jiie  des 
Terrains  si'dinientaires,  ’  Lille,  1S97.  Further  details  in  this  snbji^et  will  Ixi  found  in 
subsequent  page.s  of  this  voliitne  (pp.  17d-170). 
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crystalline  calcite,  or  disappear,  the  fragments  of  those  consisting  of 
calcite  may  remain  quite  recognisable. 

It  is  evident,  therefore,  that  the  absence  of  all  trace  of  organic 
structure  in  a  limestone  need  not  invalidate  an  inference  from  other 
evidence  that  the  rock  has  been  formed  from  the  remains  of  organisms.  I 

The  calcareous  organic  debris  of  a  sea-bottom  may  be  disintegrated,  and 
reduced  to  amorj^hous  detritus,  by  the  mechanical  action  of  waves  and 
currents,  by  the  solvent  chemical  action  of  the  water,  by  the  decay  of 
the  binding  material,  such  as  the  organic  matter  of  shells,  or  by  being 
swallowed  and  digested  by  other  animals  {postea,  pp.  602,  614).’- 

Moreover,  in  clastic  calcareous  rocks,  owing  to  their  liability  to  altera¬ 
tion  by  infiltrating  water,  there  is  a  tendency  to  acquire  an  internal 
crystalline  texture  (p.  474).  At  the  time  of  formation,  little  empty 
spaces  lie  between  the  component  granules  and  fragments,  and  according 
to  Mr.  Sorby  these  interspaces  may  amount  to  about  a  quarter  of  the 
whole  mass  of  the  rock.  They  have  very  commonly  been  filled  up  by 
calcite  introduced  in  solution.  This  infiltrated  calcite  acquires  a 
crystalline  structure,  like  that  of  ordinary  mineral-veins.  But  the 
original  component  organic  granules  also  themselves  become  crystalline, 
and,  save  in  so  far  as  their  external  contour  may  reveal  their  original 
organic  source,  they  cannot  be  distinguished  from  mere  mineral-grains.  ^ 
In  this  way  a  cycle  of  geological  change  is  completed.  The  calcium- 
carbonate  originally  dissolved  out  of  rocks  by  infiltrating  water,  and 
carried  into  the  sea,  is  secreted  from  the  oceanic  waters  by  corals, 
foraminifera,  echinoderms,  mollusks  and  other  invertebrates.  The 
remains  of  these  creatures  collected  on  the  sea-bottom  slowly  accumulate 
into  beds  of  detritus,  which  in  after  times  are  upheaved  into  land. 

Water  once  more  percolating  through  the  calcareous  mass,  gradually 
imparts  to  it  a  crystalline  structure,  and  eventually  all  trace  of  organic 
forms  may  be  effaced.  But  at  the  same  time  the  rock,  once  exposed  to 
meteoric  influences,  is  attacked  by  carbonated  water,  its  molecules  are 
carried  in  solution  into  the  sea,  where  they  will  again  be  built  up  into 
the  frame-work  of  marine  organisms. 

Alteration  of  Rocks  by  Meteoric  Water. — In  connection  with  the  dis¬ 
cussion  of  the  minute  structures  discoverable  in  rocks,  reference  may  be 
made  here  to  the  important  revelations  of  the  microscope  as  to  the  extent 
to  which  rocks  suffer  from  the  influence  of  infiltrating  water.  The  nature 
of  some  of  these  changes  will  be  more  fully  described  in  subsequent  pages. 

(Book  III.  Part  II.  Sect.  ii.  §  2.)  Among  the  more  obvious  proofs  of 
alteration  are  the  threads  and  kernels  of  calcite  in  such  eruptive  rocks  as 
diabase,  dolerite  or  andesite.  These  furnish  a  good  index  of  internal 
decomposition,  usually  arising  from  the  decay  of  some  lime -bearing  ,  ' 

mineral  in  the  rock.  Some  other  minerals  are  likewise  frequent  signs 
of  alteration,  such  as  serpentine  (often  resulting  from  the  alteration  of 
olivine  (Figs.  32,  33)),  chlorite,  epidote,  limonite,  chalcedony,  &c.  In 

^  Sorby,  Presidential  Address,  Q.  J.  G.  S.  1879  ;  G.  Rose,  Ahhandl.  Acad.  Be/rlm, 

1858  ;  Giimbel,  Z.  D.  G.  G.  1884,  p.  386  ;  Cornish  and  Kendall,  GeoL  Mag.  1888,  p.  66  ; 
and  the  work  of  Br.  Cayeiix  already  cited. 
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many  cases,  however,  the  decomposition  products  are  so  indefinite  in 
form  and  so  minute  in  quantity,  as  not  to  permit  them  to  be  satis¬ 
factorily  referred  to  any  known  species  of  mineral.  For  these  indeterminate, 
but  frequently  abundant  substances,  the  following  short  names  were  pro¬ 
posed  by  Vogelsang  to  save  periphrasis,  until  the  true  nature  of  the 
substance  is  ascertained.  Viridite  —  green  transparent  or  translucent 
patches,  often  in  scaly  or  fibrous  aggregations,  of  common  occurrence  in 
more  or  less  decomposed  rocks  containing  hornblende,  augite,  or  olivine : 
probably  in  many  cases  serpentine,  in  others  chlorite  or  delessite.  Ferrite 
— yellowish,  reddish  or  brownish  amorphous  substances,  probably  consist¬ 
ing  of  peroxide  of  iron,  either  hydrous  or  anhydrous,  but  not  certainly 
referable  to  any  mineral,  though  sometimes  pseudomorphous  after 
ferruginous  minerals.  Opacite — black,  opaque  grains  and  scales  of 
amorphous  earthy  matter,  which  may  in  different  cases  be  magnetite,  or 
some  other  metallic  oxide,  earthy  silicates,  graphite,  &:c.^ 

Sect.  vi. — Classification  of  Rocks. 

It  is  evident  that  the  study  of  rocks  may  be  approached  from  two  very 
different  sides.  We  may,  on  the  one  hand,  regard  these  substances  chiefly 
as  so  many  masses  of  mineral  matter,  presenting  great  variety  of  chemical 
composition  and  marvellous  diversity  of  microscopic  structure.  Or,  on 
the  other  hand,  passing  from  the  details  of  their  chemical  and  minera- 
logical  characters,  we  may  look  at  them  rather  as  the  records  of  ancient 
terrestrial  changes.  In  the  former  aspect,  they  present  for  consideration 
problems  of  the  highest  interest  in  inorganic  chemistry  and  mineralogy  ; 
in  the  latter  view,  they  invite  attention  to  the  great  geological  revolu¬ 
tions  through  which  the  planet  has  passed.  It  is  evident,  therefore, 
that  two  distinct  systems  of  classification  might  be  followed,  the  one 
based  on  chemical  and  mineralogical,  the  other  on  geological  considera¬ 
tions.  It  is  impossible,  however,  in  any  system  to  ignore  the  fundamental 
twofold  series  in  which  the  rocks  of  the  terrestrial  crust  naturally  group 
themselves.  As  geological  action  proceeds  from  two  distinct  sources,  one 
derived  from  the  internal  energy  of  the  planet  itself,  the  other  arising 
chiefly  from  the  influence  of  the  sun  on  the  external  surface  of  the  planet, 
so  it  is  obvious  that  the  masses  of  mineral  matter  resulting  from  the 
operation  of  these  two  causes  must  he  distinguished  from  each  other  in 
any  scheme  of  classification,  apart  altogether  from  questions  of  structure 
or  composition.  In  actual  fact,  however,  it  is  found  that  the  contrasted 
mode  of  origin  is  in  each  case  accompanied  l)y  distinctions  of  structure 
and  arrangement  as  well  as  mineralogical  and  chemical  constitution.  By 
general  agreement,  therefore,  it  is  acknowledged  that  the  first  funda¬ 
mental  step  in  the  classification  of  rocks  must  be  a  primaiy  separation  of 
them  into  two  great  divisions : — 1st,  Those  which  have  accumulated  on 
or  near  the  surface  of  the  earth  through  the  operation  of  water,  air  or 
organic  life.  In  this  subdivision  are  included  all  accumulations  of 
mechanical  detritus,  either  organic  or  inorganic,  under  water  or  on  land  ;  of 

^  Vof^^elsang;  I>.  G.  G.  xxiv.  (1872),  p.  f/iO.  Zirk(‘I,  (Jf'ol.  K.rpL  J/lfflt  vi. 

p.  12. 
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chemical  precipitates  from  aqueous  solution ;  and  of  material  aggregated 
hy  the  growth  of  plants  and  animals.  All  these  accumulations  may  be 
found  associated  with  each  other.  They  are  mainly  sediments,  and  are 
generally  disposed  in  layers  or  strata  piled  one  over  another  as  they  were 
laid  down.  This  great  series  of  rocks,  mainly  arising  from  geological 
operations  that  depend  upon  solar  influences,  are  comprised  under  the  term 
Sedimentary  or  Stratified.  2nd,  Those  which  have  arisen  from  the 
movements  and  uprise  of  the  earth’s  own  internal  molten  magma.  These 
may  have  cooled  and  solidified  deep  beneath  the  surface,  or  may  have 
made  their  way  up  to  daylight  and  have  been  poured  forth  in  volcanic 
eruptions.  This  clearly  defined  assemblage  of  rocks  is  known  as 
Eruptive,  Igneous,  Massive  or  Unstratified. 

So  far  there  is  practically  no  room  for  difference  of  opinion,  and  ever 
since  the  rise  of  geology  into  the  place  of  a  science  the  broad  distinction 
here  stated  has  been  recognised.  But  further  examination  of  the 
terrestrial  crust  discloses  the  presence  of  a  third  series,  the  origin  of 
which  is  by  no  means  so  evident.  Some  of  the  rocks  of  this  series 
possess  characters  that  obviously  connect  them  with  igneous  rocks,  into 
which  indeed  they  may  be  seen  to  graduate,  while  others  as  evidently 
pass  into  true  sedimentary  strata.  They  are  distinguished,  however, 
from  the  members  of  either  of  the  two  other  series  by  the  possession  of 
characters  which  show  that  certainly  in  some,  possibly  in  all,  cases  they 
have  resulted  from  the  alteration  or  metmwrplima  of  older  rocks,  either 
igneous  or  aqueous.  In  their  most  typical  forms  they  are  marked  by  the 
peculiar  crystalline  structure  termed  sclustosity  ot  foliation  (p.  134),  where 
their  mineral  constituents  are  seen  to  have  re-crystallised  in  lenticular 
laminae  or  folia.  Hence  this  third  series  of  rocks  has  been  separated 
from  the  others  under  the  name  of  Metamorphic. 

This  fundamental  classification  of  the  rocks  of  the  earth’s  crust  into 
three  great  sections  is  based  on  geological  considerations,  and  commends 
itself  by  its  obvious  agreement  with  the  ascertained  facts  regarding  the 
structure  of  that  crust.  When,  however,  we  advance  further  and  try  to 
devise  a  natural  and  convenient  scheme  of  arraugement  for  each  of  the 
three  series,  various  sj^stems  of  arrangement  suggest  themselves,  each 
having  its  advantages  and  drawbacks.  Prom  a  merely  chemical  point  of 
view,  rocks  might  be  grouped  according  to  their  composition  :  as  Oxides, 
exemplified  by  formations  of  quartz,  haematite,  or  magnetite  ;  Carbonates, 
including  the  limestones  and  cl  ay -ironstones  ;  Silicates,  eml)racing  the 
vast  majority  of  rocks,  whether  composed  of  a  single  mineral,  or  of  more 
than  one ;  Phosphates,  such  as  guano  and  the  older  bone-beds  and  copro- 
litic  deposits.  Each  of  these  groups  might  obviously  be  farther  sub¬ 
divided  into  sections,  according  to  the  predominant  chemical  constitutent. 
A  classification  of  this  kind,  however,  would  pay  little  or  no  regard  to 
the  mode  of  origin  or  conditions  of  occurrence  of  the  rocks,  and  would 
not  be  well  suited  for  the  purposes  of  the  geologist. 

Again,  from  the  purely  mineralogical  side,  rocks  might  be  classified 
with  reference  to  their  prevailing  mineral  ingredient.  Thus,  such  sub¬ 
divisions  as  Calcareous  rocks,  Quartzose  rocks,  Orthoclase  rocks,  Plagio- 
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clase  rocks,  Pyroxenic  rocks,  Hornblendic  rocks,  &c.,  might  he  adopted  ; 
but  such  an  arrangement,  though  on  the  whole  less  objectionable  from  the 
point  of  view  of  the  geologist,  would  be  more  suited  for  the  arrangement 
of  hand-specimens  in  a  museum  than  for  the  investigation  of  rocks  in  din. 

Though  no  classification  which  can  at  present  be  proposed  is  wholly 
satisfactory,  one  which  shall  do  least  violence,  at  once  to  geological  and  to 
chemical  and  mineralogical  relationships,  is  to  be  preferred.  That  which 
is  given  in  the  following  pages  is  in  the  nature  of  a  compromise  between 
the  claims  of  the  different  sides  of  the  subject,  but  the  geological  require¬ 
ments  have  been  allowed  to  preponderate.  It  is  in  the  division  of  the 
Igneous  rocks  that  opinions  are  most  widely  divergent  regarding  the  best 
principle  of  classification  to  be  followed.  In  the  introduction  to  that 
division  some  account  will  be  given  of  other  schemes  of  arrangement  than 
that  adopted  in  the  present  text-book. 

It  must  be  kept  in  view  that  in  the  classification  here  selected,  and 
in  the  detailed  description  of  rocks  now  to  be  given,  many  questions 
regarding  the  origin,  structure  and  decomposition  of  these  mineral  masses 
must  necessarily  be  alluded  to  which  cannot  ]je  fully  dealt  with  in  this 
part  of  the  volume,  but  must  be  left  for  adequate  treatment  l)y  themselves 
in  later  pages.  The  student,  however,  will  prol)ably  recognise  a  distinct 
advantage  in  this  unavoidal)le  preliminaiy  reference  to  them  in  connection 
Avith  the  rocks  by  Avhich  they  are  suggested. 

Sect.  vii. — A  Description  of  the  more  Important  Rocks  of  the  Earth’s  Crust. 

Full  details  regarding  the  composition,  microscopic  structure  and 
other  characters  of  rocks  must  l)e  sought  in  such  general  treatises  as 
those  already  cited  (p.  88),  and  in  the  special  memoirs  quoted  on 
mihsequent  pages.  The  purposes  of  the  present  text-hook  will  ])c  served 
hy  a  succinct  account  of  the  more  common  or  important  rocks  which 
enter  into  the  composition  of  the  crust  of  the  earth. 

I.  vSedimentary. 

A.  Fiia(jmental  (Clastic). 

This  great  series  embraces  all  rocks  of  a  sec(mdary  or  derivative 
origin ;  in  other  words,  all  that  consist  of  materials  which  have 
previously  existed  on  or  l)6neath  the  surface  of  the  earth  in  another 
form,  ami  the  accumulation  and  consolidation  of  which  gives  rise  to  now 
compounds.  Some  of  these  mateiials  have  been  produced  by  the 
mechanical  action  of  wind,  as  in  the  sand-hills  of  sea-coasts  and  inland 
deserts  (^olian  rocks)  ;  others  by  the  operation  of  moving  Avater,  as  the 
gravel,  sand  and  mud  of  shores  and  river-beds  (Aqueous  sedimentary 
rocks) ;  others  by  the  accumulation  of  the  entire  or  fragmentary  remains 
of  once  living  plants  and  animals  (Organically-formed  rocks) ;  while  yet 
another  series  has  arisen  from  the  gatherirrg  together  of  the  loose  dcliiis 
thrown  out  by  volcanoes  (Yolcariic  tuffs).  It  is  evident  that  in  dealing 
with  these  various  detrifcal  formations,  the  degree  of  consolidation  is  of 
secondary  importance.  The  soft  sand  and  mud  of  a  modern  lake-bottom 
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differ  in  no  essential  respect  from  indurated  ancient  lacustrine  strata,  and 
may  tell  their  geological  story  equally  well.  No  line  is  to  be  drawn  between 
what  is  popularly  termed  ^^roch  and  the  loose,  as  yet  uncompacted, 
debris  out  of  which  solid  masses  may  eventually  be  formed.  Hence,  in 
a  o-eological  arrangement,  the  modern  and  the  ancient,  the  loose  and  the 
compact,  being  one  in  structure  and  mode  of  formation,  are  all  classed 
together  under  the  common  name  of  Eocks. 

It  will  be  observed  that,  in  several  directions,  we  are  led  by  the  frag¬ 
mental  rocks  to  crystalline  stratified  deposits,  some  of  which  have  been 
deposited  from  chemical  solution,  while  others  have  resulted  from  the 
gradual  conversion  of  a  detrital  into  a  crystalline  structure.  Both  series 
of  deposits  are  accumulated  simultaneously  and  are  often  intei-stratified. 
Calcareous  rocks  formed  of  organic  remains  (p.  176)  exhibit  very  clearly 
this  gradual  internal  change,  which  more  or  less  effaces  their  detrital 
origin,  and  gives  them  such  a  crystalline  character  as  to  entitle  them 
to  be  ranked  among  the  crystalline  limestones.^ 

1.  G-ravel  and  Sand  Kocks  (Psamniitew). 

As  the  deposits  included  in  tliis  subdivision  are  produced  by  the  disintegration  and 
removal  of  rocks  by  the  action  of  the  atmosphere,  rain,  rivers,  frost,  the  sea  and  other 
superhcial  agencies,  they  are  mere  median i(‘al  accumulations,  and  iHicessarily  vary 
indefinitely  in  composition,  according  to  the  nature  of  the  sources  from  which  they  are 
derived.  As  a  rule,  they  consist  of  the  detritus  of  siliceous  ro(‘.ks,  these  being  among 
the  most  durable  materials.  Quartz,  in  particular,  enters  largely  into  the  composition 
of  sandy  and  gravelly  detritus.  Fragmentary  materials  tend  to  group  tlioinselves 
according  to  their  size  and  relative  density.  Hence  they  are  apt  to  occur  in  layers,  and 
to  show  the  characteristic  stratified  arrangement  of  sedhmentarif  rocks.  They  may 
enclose  the  remains  of  any  plants  or  animals  entombed  on  the  same  sea-floor,  river-bod 
or  lake-bottom. 

In  the  majority  of  these  rocks,  their  general  mineral  composition  is  obvious  to  the 
naked  eye.  But  the  application  of  the  microscope  to  their  investigation  has  thrown 
considerable  light  upon  their  composition,  formation  and  subseqrrent  mutations.  Their 
component  materials  are  thus  ascertained  to  be  divisible  into — 1st,  deWved  fragments,  of 
which  the  most  abundant  are  quartz,  after  which  come  felspar,  mica,  iron-ores,  zircon, 
rutile,  apatite,  tourmaline,  garnet,  sphene,  augite,  hornblende,  fragments  of  various 
rocks,  and  clastic  dust ;  2nd,  constituents  which  have  been  deposited  between  the 
particles,  and  which  in  many  cases  serve  as  the  cementing  material  of  the  rock.  Among 
the  more  important  of  these  are  silicic  acid  in  the  form  of  quartz,  chalcedony  and  opal ; 
carbonates  of  lime,  iron  or  magnesia;  hfematite,  liraoiiite  ;  pyrite  and  glauconite.*^ 

Cliff  Debris,  Moraine  Stuff,  Scree  Material— -angular  rubbish  disengaged  by  frost 
and  ordinary  atmospheric  waste  from  cliffs,  crags  and  steep  slopes.  It  slides  down  the 
declivities  of  hilly  regions,  and  accumulates  at  their  base,  until  washed  away  by  I'ain  oi 
by  brooks.  It  forms  talus-slopes,  or  what  are  known  in  England  as  u^rees,  that  may 

^  The  most  valuable  series  of  modern  chemical  analyses  of  sedimentary  rocks  will  l>e 
found  in  Mr.  F.  W.  Clarke’s  Eeport  in  the  168th  Bulletin  of  the  United  States  Geological 
Survey  (1900),  from  which  frequent  citations  will  be  made  in  the  succeeding  pages.  For  the 
microscopic  characters  of  these  rocks  the  work  of  Ccayenx,  cited  ante,  p.  1 06,  may  be  consulted  ; 
also  the  ‘Album  de  Microphotographies  des  Roches  sedimentaires,’  by  Mauri(ie  Ifovelacque, 
4to,  Paris,  1900.  .  t 

G.  Klemm,  iT.  D.  G.  G.  xxxiv.  (1882),  p.  771.  H.  C.  Sorby,  Q.  J.  (L  S.  xxxvl  (1880). 
J.  A.  Phillips,  op.  cif.  xxxvii.  (1881),  p.  6. 
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have  an  inclination  of  as  much  as  40'",  though  for  short  distances,  if  the  blocks  are  large, 
the  general  angle  of  slope  may  be  steeper.  It  naturally  depends  fur  its  composition 
upon  the  nature  of  the  solid  rocks  from  which  it  is  derived.  Where  cliff-debris  falls 
upon  and  is  borne  along  by  glaciers  it  is  called  “Moraine-stuff,”  which  may  be  deposited 
near  its  source,  or  may  be  transported  for  many  miles  on  the  surface  of  the  ice  (p.  544). 

Perched  Blocks,  Erratic  Blocks — large  masses  of  rock,  often  as  hig  as  a  house, 
which  have  been  transported  by  glacier-ice,  and  have  been  lodged  in  a  prominent  position 
in  glacier  valleys  or  have  been  scattered  over  hills  and  plains.  An  examination  of 
their  mineralogical  character  leads  to  the  identitication  of  their  source  and,  consequently, 
to  the  path  taken  by  the  transporting  ice.  (Sec  Book  III.  Part  II.  Sect.  ii.  ^  5.) 

Rain-wash — a  loam  or  earth  which  accumulates  on  the  lower  parts  of  slopes  or  at 
their  base,  and  is  due  to  the  gradual  descent  of  the  finer  particles  of  disintegrated  rocks 
by  the  transporting  action  of  rain.  Brick- earth  is  the  name  given  in  the  south-east 
of  England  to  thick  masses  of  such  loam,  which  is  extensively  used  for  making  bricks. 

Soil — the  product  of  the  subaerial  decomposition  of  rocks  and  of  the  decay  of  plants 
and  animals.  Primarily  the  character  of  the  soil  is  determined  by  that  of  the  subsoil, 
of  which  indeed  it  is  merely  a  further  disintegration.  According  to  the  nature  of  the 
rock  underneath,  a  soil  may  vary  from  a  stiff  clay,  through  various  clayey  and  sandy 
loams,  to  mere  sand.  The  formation  of  soil  is  treated  of  in  Book  III.  Part  II.  ‘Sect, 
ii.  §  i.  As  an  example  of  the  detailed  investigation  of  the  soils  of  a  country,  reference 
may  he  made  to  the  elaborate  description  of  those  of  Russia  projiared  by  Professor 
Sibirtzew.^  He  distinguishes  the  loose  or  .®olian  soils,  those  of  the  dry  steppes  or 
steppe-deserts,  the  Tchernozonis,  the  soils  of  the  wooded  steppes,  the  grassy  soils,  and 
those  of  the  Tundras.  In  each  of  these  he  enumerates  a  series  of  genetic  types,  such 
as  clay-soils,  heavy  and  intermediate  sub -argillaceous  soils,  light  sub-argillaceous  soils, 
siih- arenaceous  soils,  and  clayey  sands. 

Subsoil — the  broken-up  part  of  the  rocks  immediately  under  the  soil.  Its  character, 
of  course,  is  determined  by  that  of  the  rock  out  of  which  it  is  formed  by  suhaerial  dis¬ 
integration.  (Book  III.  Part  II.  Sect.  ii.  §  1.) 

Blown  Sand — loose  sand  usually  arranged  in  lines  of  dunes,  fronting  a  sandy  beach 
or  in  the  arid  interior  of  a  continent.  It  is  ])iled  up  by  the  driving  action  of  wind.' 
(Book  III.  Part.  II.  Sect,  i.)  It  varies  in  composition,  being  sometimes  entirely 
siliceous,  as  upon  shores  where  siliceous  rocks  are  ex])osod  ;  sometimes  calcanjous,  where 
derived  from  triturated  shells,  nullipores,  or  other  calcareous  organisms.  The  minute 
grains  from  long-continued  mutual  friction  assume  remarkably  rounded  and  polished 
forms.  Layers  of  finer  and  coarser  particles  often  alternate,  as  in  water-formed  sand¬ 
stone.  On  many  coast-lines  in  Europe,  grasses  and  other  plants  bind  the  surface  of  the 
shifting  sand.  These  layers  of  vegetation  are  aj)t  to  bo  covered  by  fresh  encroachments 
of  the  loose  material,  and  then  hy  their  decay  to  give  rise  to  dark  peaty  scams  in  the 
sand.  Calcareous  blown  sand  is  compacted  into  hard  stone  by  the  action  of  rain-water, 
which  alternately  dissolves  a  little  of  the  lime,  and  re-deposits  it  on  evaporation  as  a 
thill  crust  cementing  the  grains  of  sand  together.  In  the  Bahamas  and  Bermudas, 
extensive  masses  of  calcareous  blown  sand  have  been  cemented  in  this  way  into  solid 
stone,  which  weathers  into  picturesque  crags  and  caves  like  a  limestone  of  older  geological 
date.*'^  At  Hewquay,  Cornwall,  blown  sand  has,  by  the  decay  of  abundant  land-shells, 
been  solidified  into  a  material  capable  of  being  used  as  a  building-stone. 

^  Com.jpt.  rend.  Oongres  QeuL  Jutemed.,  St.  Petersburg,  1899,  pp. 

For  interesting  accounts  of  the  Jiloliari  deposits  of  the  Bahamas  and  Jkrmuda.s,  see 
Nelson,  Q.  J.  ix.  N.  ix.  p.  200  ;  Sir  Wyville  Thomson’vS  ‘Atlantic,’  vol.  i.  ;  also  ,1.  J. 
Rein,  Senckenb.  Nat.  Oesellsch.  Ikrkht.  1869-70,  p.  140,  1872-7.1,  p.  131.  On  the  Bed 
Sands  of  the  Arabian  Desert,  see  J.  A.  PhillqKs,  q.  J.  (L  xxxviii.  (1882),  p.  110  ;  also 
op.  cit.  xxxvii.  (1881),  p.  12.  Further  reference  to  the  literature  of  this  subject  will  be 
found  in  the  account  of  the  effects  of  wind-action,  Book  Ill.  Bart  II.  >Sect.  i.  §  1. 
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Tlie  occurrence  of  various  other  minerals  besides  f[uartz  in  ordinary  sand  has  long 
been  recognised,  but  we  owe  to  the  observations  of  Mr.  A.  B.  Dick  the  discovery  that 
among  these  minerals  some  of  the  most  plentiful  and  most  perfectly  preserved  belong 
to  species  that  were  not  supposed  to  be  so  widely  diffused,  such  as  zircon,  rutile  and  ^ 
tourmaline.  He  has  found  that  these  heavy  minerals  constitute  sometimes  as  much  as 
4  per  cent  of  the  Bagshot  sand  of  the  older  Tertiary  series  of  the  London  basing 
Pelspars,  micas,  hornblendes,  i)yroxenes,  magnetite,  glauconite  and  other  minerals  may 
likewise  be  recognised.  The  remarkable  perfection  of  some  of  the  crystallographic 
forms  of  the  minuter  mineral  constituents  of  certain  sands  has  been  well  shown  hy 
Mr.  Dick. 

Varieties  of  river-  or  sea-sand  may  be  distinguished  by  names  referring  to  some 
remarkable  constituent,  c.g.  magnetic  sand,  iron-sand,  gold-sand,  auriferous  sand,  &c. 

Gravel,  Shingle — names  apjdicd  to  the  coarser  kinds  of  rounded  water- worn  detritus. 
In  Gravel,  the  average  size  of  the  component  pebbles  ranges  from  that  of  a  small  ])ea  up 
to  about  that  of  a  walnut,  though  of  coiu’se  many  included  fragments  will  be  (ihscrved 
which  exceed  these  limits.  In  Shingle,  the  stones  are  coarser,  ranging  up  to  blocks  as 
big  as  a  man’s  head  or  larger.  German  geologists  distinguish  as  sell  otter  ”  a  shingle 
containing  dispersed  boulders,  and  ‘Lschotter- conglomerate  ”  a  rock  wherein  these 
materials  have  become  consolidated.'*^  All  these  names  are  applied  (piite  irrespective  of 
the  composition  of  the  fragments,  which  varies  greatly  from  point  to  iioint.  A.s  a  rule, 
the  stones  consist  of  hard  rocks,  since  these  are  best  fitted  to  withstand  the  iiowerful 
grinding  action  to  which  they  are  exposed. 

Conglomerate  (Puddings tone) — a  rock  formed  of  consolidated  gi'avel  or  shingle.'* 
The  component  piebbles  are  rounded  and  water-worn.  They  may  consist  of  any  kind 
of  rock,  though  usually  of  some  hard  and  durable  sort,  such  as  rpiartz  or  cpiartzite. 

A  special  name  may  be  given  to  the  rook,  according  to  the  nature  of  its  pebbles,  as  quartz- 
conglomerate,  limestone-conglomerate,  granite-conglomerate,  &c.,  or  according  to  that 
of  the  piaste  or  cementing  matrix,  which  may  consist  of  a  hardened  sand  or  clay,  and 
may  be  siliceous,  calcareous,  argillaceous  or  ferruginous.  In  the  coarser  conglomerates, 
where  the  blocks  may  exceed  six  feet  in  length,  there  is  often  very  little  indication  of 
stratification.  Except  wliere  the  flatter  stones  show  by  their  general  parallcli.sm  the 
rude  lines  of  deposit,  it  may  be  only  when  the  mass  of  conglomerate  is  taken  as  a 
whole,  in  its  relation  to  the  rocks  below  and  above  it,  that  its  claim  to  bo  tsonsiderod 
a  bedded  rock  will  be  conceded.  The  occurrence  of  occasional  bands  of  e.onglomeratc  in 
a  series  of  arenaceous  strata  is  analogous  i)robably  to  that  of  a  shingle-bank  or  gravel- 
beach  on  a  modern  coast-line.  But  it  is  not  easy  to  understand  the  (drcumstanccs 
under  which  some  ancient  conglomerates  accumulated,  such  as  that  of  the  Old  lied  Sand¬ 
stone  of  Central  Scotland,  which  attains  a  thickness  of  many  thousand  feet,  and  consists 
of  well-rounded  and  smoothed  blocks  often  several  feet  in  diameter. 

In  many  old  conglomerates  (and  even  in  those  of  Miocene  ago  in  Switzerland)  the 
component  pebbles  may  be  observed  to  have  indented  each  other.  In  Huch  cases  also 
they  may  be  found  elongated,  distorted  or  split  and  re-cemented  ;  .sometimes  the  same 
pebble  has  been  crushed  into  a  number  of  pieces,  which  are  held  together  hy  a  retaining 
cement.  These  phenomena  point  to  great  pressure,  and  some  internal  relative  move¬ 
ment  in  the  rocks.  (Book  HI.  Pari  1.  Sect  iv.  §  3.)  Other  indications  of  great  dis¬ 
turbance  are  mentioned  in  the  following  description  of  Breccia. 

Breccia— a  rock  composed  of  angular,  instead  of  rounded,  fragm(‘,iit8.  It  commonly 

^  Nature,  xxxvi.  (1877),  p.  91 ;  Meui,  (Jeol.  Sure.  ‘‘Geology  of  London,”  i.  (1889),  ]).  523. 
Teall,  ‘British  Petrograihy,’  Plate  xliv. 

^  See,  for  example,  an  account  of  the  schotter- conglomerates  of  Northern  IVrsia  ])y  E. 
Tietze,  Jahrh.  Geol.  ReichsansL,  Vienna,  1881,  X->-  68. 

^  See  A.  Hellaiid,  “Studier  over  Konglomerater, ”  Archie.  Mathcm.  NutimndcnH., 
Christiania,  1880. 
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presents  less  trace  of  stratification  tlian  coiif(lomerate.  Intcrinccliaic  stages  between 
these  two  rocks,  where  the  stones  are  partly  an^^iilar  and  ])artly  siihangular  and  rounded, 
are  known  as  hrecclatcd  conglomerate.  Considered  as  a  detrital  de]>oHit  fonuntl  by  hiqicr- 
ficial  waste,  breccia  points  to  the  disintegration  of  rocks  by  the  atinospln*r«%  and^the 
accumulation  of  their  fragments  with  little  or  no  intervention  of  running  water.  Thiw 
it  maybe  formed  of  cliff-debris  or  scree-material  wdiitii  gradually  slides  (hmm  aslope 
below  a  crag  or  cliff,  or  which  may  be  launched  forward  by  a  landslip  and  may  atM-uinn- 
late  either  siibaerially,  or  under  water  where  the  cliff  descends  at  once  into  a  lake  or 
into  the  deep  sea. 

The  term  Breccia  has,  however,  been  applied  to  rocks  fornuHl  in  several  cdlt«‘r  t<»tally 
different  ways.  Angular  blocks  of  all  sizes  and  sliapcs  haVo  la'cn  discharged  from 
volcanic  orifices,  and,  falling  back,  have  consolidated  ther(^  into  masses  of  breceiatiid 
material  (volcanic  breccia).  Intrusive  igneous  cru})tions  have  soinetiimm  torn  off’  fragim-ntfi 
of  the  rocks  through  which  they  have  ascended,  and  these  angular  fragmeiitn  havej  been 
enclosed  in  the  liquid  or  pasty  mass.  Or  the  intrusive  roek  has  cooled  and  solidified 
externally  while  still  mobile  within,  and  in  its  ascent  has  caught  up  and  involved  some 
of  these  consolidated  parts  of  its  own  substance.  Again,  wherif  solid  maHHCiS  of  roek 
wdthin  the  crust  of  the  earth  have  ground  against  each  other,  as  in  disloeatitm.s  and 
crushing  movements,  angular  fragmentary  rubbish  has  been  {u’odiuuid,  w'hicdi  bas  sub¬ 
sequently  been  consolidated  by  some  iiiiiltrating  cement  (Tault-rock,  CniHh-brw'fda, 
Crush -conglomerate).  It  is  evident,  however,  that  breccia  fonmul  in  oiu;  or  other  of 
these  hypogene  ways  will  not,  as  a  rule,  be  apt  to  be  mistakem  for  tlui 
arising  from  superficial  disintegration. 

Sandstone  (Gr^s)  ^ — a  rock  composed  of  consolidated  sand.  As  in  ordinary  iiiodiTu 
sand,  the  integral  grains  of  sandstone  are  chiefly  quartz,  which  must  here  be  regardiMl 
as  the  residue  left  after  all  the  less  durable  minerals  of  the  original  ro(;kH  bavi*  hnm 
carried  away  in  solution  or  in  suspension  as  fine  mud.  The  colours  of  sandHtoiu's  arlHC, 
not  so  much  from  that  of  the  quartz,  which  is  commonly  whib;  or  grey,  im  from  tl«i 
film  or  crust  which  often  coats  the  grains  and ’holds  them  together  as  a  eeriieiit.  Iron, 
the  great  colouring  ingredient  of  rocks,  gives  rise  to  red,  brown,  yelbnv,  and  green  hupM, 
according  to  its  degree  of  oxidation  and  hydration. 

Like  conglomerates,  sandstones  differ  in  the  nature  of  thtdr  component  grains,  and 
in  that  of  the  cementing  matrix.  Though  con.sistiiig  for  the  most  part  siliceous 
grains,  they  include  others  of  clay,  felspar,  mica,  zircon,  rutile,  tourinaliiir  or  other 
minerals  such  as  occur  in  sand  (p.  163),  and  those  may  ine.rease  in  luimbcu’  ho  as  to  give 
a  special  character  to  the  rock.  Thus,  sandstones  may  be  argillaceous,  felspatbie,  mica¬ 
ceous,  calcareous,  &c.  By  an  increase  in  the  argillaceous  constituents,  a  saiidstonii  may 
pass  into  one  of  the  clay-rocks,  just  as  modern  sand  on  the  sea-floor  shades  ini  perceptibly 
into  mud.  On  the  other  hand,  by  an  augmentation  in  the  size  and  sliarpucw  of  the 
grains,  a  sandstone  may  become  a  grit,  and  by  an  increase  in  the  size  and  number  of 
pebbles  may  pass  into  a  pebbly  or  conglomeratic  sandstone,  and  thence  iiittj  a  fine 
conglomerate.  A  piece  of  fine-grained  sandstone,  seen  under  the  microHcope,  looks  like 
a  coarse  conglomerate,  so  that  tlie  diffei’ence  between  the  two  ro(;ks  is  little  iijoro  than 
one  of  relative  size  of  jiarticles. 

The  cementing  material  of  sandstones  may  be  ferrufjimmSj  as  in  most  ordinary  red 
and  yellow  sandstones,  where  the  anhydrous  or  hydrous  iron-oxide  is  mixed  witli  tday 
or  other  impurity  in  red  sandstones  the  grains  are  held  together  by  a  luffimititic,  in 
yellow  sandstones  by  a  limonitic  cement ;  argillaceouBj  where  the  grains  ant  united 
by  a  base  of  clay,  recognisable  by  the  earthy  smell  when  breathed  upon  ;  cff/mreom^ 
where  carbonate  of  lime  occurs  either  as  an  ainorplious  paste  or  as  a  crystallim?  ccunent 

See  J.  A.  Phillips  on  the  constitution  and  history  of  grits  and  sandstones,  Q.  J,  (J.  8* 
xxxvii.  (1881),  p.  6.  For  analyses  of  some  British  sandstones  used  as  Imilding-KtoneH,  #ee 
Wallace,  Proc.  Phil.  Soc.  Glasgow,  xiv.  (1883),  p.  22. 
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between  tbe  grains  ;  siliceous,  where  the  component  particles  are  bound  togetlier  by 
silica,  as  in  the  exposed  blocks  of  Eocene  sandstone  known  as  grey  weathers  ”  in 
Wiltshire,  and  which  occur  also  over  the  north  of  France  towards  the  Ardennes.^  In 
some  places,  as  already  remarked  (p.  107),  barytes  has  supplied  the  place  of  cement  to 
the  grains  of  sandstone. 

The  following  analyses  show  the  average  chemical  composition  of  sandstones  and 
the  great  range  in  their  silica  percentage.  Column  A  represents  the  results  of  a  com¬ 
posite  analysis  of  253  sandstones  from  different  ])arts  of  the  United  States,  and  column 
B  of  371  sandstones  used  for  building  purposes  in  different  parts  of  the  same  country. 
Column  C  shows  the  extraordinarily  high  proportion  of  silica  in  the  highly  quartzose 
Potsdam  sandstone,  which  forms  one  of  the  prominent  formations  among  the  older 
Palaeozoic  rocks  of  Canada  and  adjoining  parts  of  the  States.  Column  D  represents  the 
composition  of  a  calcareous  and  argillaceous  sandstone  from  the  Miocene  formations  of 
Wall  Point,  Mount  Diablo,  California.- 
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Among  the  varieties  of  sandstone  the  following  may  here  be  mentioned: — Flag¬ 
stone — a  thin-bedded  sandstone,  capable  of  being  split  along  the  lines  of  stratification 
into  thin  beds  or  flags  ;  Micaceous  sandstone  {mica-psumoiite) — a  rock  so  full  of 
mica-llakes  that  it  splits  readily  into  thin  lamina?,,  each  of  w'hich  has  a  lustrous  surface 
from  the  quantity  of  silvery  mica.  This  rock  is  called  “fakes”  in  Scotland.  Free¬ 
stone — a  sandstone  (the  term  being  applied  sometimes  also  to  limestone)  which  can  be 
cut  into  blocks  in  any  direction,  without  a  marked  tendency  to  split  in  any  one  piano 
more  than  in  another.  Though  this  rock  occurs  in  beds,  each  bed  is  not  divided  into 
laminae,  and  it  is  the  absence  of  this  minor  stratification  which  makes  the  stone  so  useful 
for  architectural  purposes  (Oraigleith  and  other  sandstones  at  Edinburgh,  some  of  wdiich 

^  See  the  original  description  of  these  French  blocks  by  Professor  Barrois,  A'nn.  Soc. 
Geol  Nurd.  vi.  (1878-79),  p.  366. 

-  Bidl.  IT.  S.  G.  S.  No.  168  (1900),  pp.  17,  245,  249.  The  analyses  in  columns  A 
and  B  were  made  by  Dr.  H.  N.  Stokes,  that  in  column  C  by  Mr.  Schneider,  and  that  in 
column  D  by  Mr.  W.  H.  Melville. 

Includes  organic  matter. 
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contain  98  per  cent  of  silica).  Glauconitic  sandstone  (greensand) —a  sandstone 
containing  kernels  and  dusty  grains  of  glauconite,  wliicii  imparts  a  general  greenish  hue 
to  the  rock.  The  glauconite  has  proi^ably  been  deposited  in  association  with  decaying 
organic  matter,  as  where  it  fills  echinus-spines,  foraniinifera,  shells  and  corals  on  the 
floor  of  the  present  ocean.^  Buhrstone— a  highly  siliceous,  exceedingly  compact, 
though  cellular  rock  (with  Ohara  seeds,  kc.),  found  alternating  with  unaltered  Tertiary 
strata  in  the  Paris  basin,  and  forming,  from  its  hardness  and  roughness,  an  excellent 
material  for  the  grindstones  of  floiir-mills,  may  be  mentioned  hen*,  thoiigli  it  probably 
has  been  formed  by  the  precipitation  of  silica  through  tlie  action  of  organisms.  Gaize 
— a  fine-grained,  sandy,  siliceous,  porous,  and  often  rather  tender  ro(dv,  fouiul  in  the 
Cretaceous  and  Tertiary  formations  of  France,  distinguished  by  its  containing  silica 
soluble  in  alkalies.-  Arkose  {granitic  sandstone)— a  rock  composed  of  d  is  Integra  t(*d 
granite,  and  found  in  geological  formations  of  difierent  ages,  which  have  be<in  deprived 
from  granitic  rocks.  Crystallised  sandstone — an  arenaceous  rock  in  whie.h  a  (hiposit 
of  crystalline  quartz  has  taken  place  ux^on  the  individual  grains,  eacli  of  which  la^comes 
the  nucleus  of  a  more  or  less  perfect  quartz  crystal.  Mr.  Sorhy  has  obsiUTed  sucdi 
crystallised  sand  in  deposits  of  various  ages  from  the  Oolites  down  to  the  Old  Ked 
Sandstone.*'  Tuffean — a  name  emxdoyed  in  France  and  Belgium  for  a  fine-grained 
argillaceous,  frequently  calcareous  sandstone,  coloured  green  or  grey  by  glauconite  ;  it  is 
sometimes  ajipliedto  a  friable  granular  chalky  limestone/^  (For  Quartzite,  see  p.  249.) 

Sandstones  are  largely  employed  for  building  purx)oses  on  account  of  their  durability 
and  the  facility  with  which  they  can  be  worked.  Hence  a  large  amount  of  information 
has  been  collected  as  to  their  comx^osition,  sjjecific  gravity,  crushing  .strength,  ca}>acity 
for  absorbing  water,  and  other  x^ractical  matters  connected  with  their  use.  Information 
on  these  subjects  will  be  found  in  the  works  of  j\lr.  G.  P.  Merrill,  mentioned  ante,  ]>.  7. 

G-reywacke— a  compact  aggregate  of  rounded  or  snbangular  grains  of  quartz,  felspar, 
slate,  or  other  minerals  or  rocks,  cemented  by  a  paste  which  is  usually  siliceouH,  hut 
may  he  argillaceous,  felspatliic,  calcareous,  or  anthracitic  (Fig.  20  j.  (Irey,  as  its  name 
denotes,  is  the  prevailing  colour :  but  it  passes  into  brown,  browiiisli-X)urp]e,  and  some¬ 
times,  where  anthracite  predominates,  into  black.  The  rock  is  distiiignished  from 
ordinary  sandstone  by  its  darker  hue,  its  hardness,  the  variety  of  its  component  grain.s, 
and,  above  all,  by  the  compact  cement  in  wdiicli  the  grains  are  imbedded.  In  many 
varieties,  so  pervaded  is  the  rock  by  the  siliceous  paste,  that  it  xjo.ssesses  great  toughnoHS, 
and  its  grains  seem  to  graduate  into  each  other  as  well  as  into  the  surrounding  matrix. 
Such  rocks,  when  fine-grained,  can  hardly,  at  first  sight  or  with  the  unaided  eye,  be 
distinguished  from  some  compact  igneous  rocks,  though  microscopie  o.xamiiiation 
reveals  their  fragmental  character.  In  other  cases,  wliere  the  groywaijke  Iijls  been 
formed  mainly  out  of  the  debris  of  granite,  quartz-porphyry,  andesite,  or  otli(!r  felspathic 
masses,  the  grains  consist  so  largely  of  felspar,  and  the  pash*  also  is  so  felspatliic,  that 
the  rock  might  be  mistaken  for  some  close-grained  granular  porphyry.  ( hey  wacke  occurs 
extensively  among  the  Paloeozoic  formations,  in  beds  alternating  w’ith  slmheH  and  con¬ 
glomerates.  It  represents  the  muddy  (sometimes  volcanic)  sand  of  Palumzoie  sea-floors, 

^  Ayite,  p.  106  ;  Sollas,  GeoL  Mag.  iii.  2nd  ser.  p.  539.  L.  Cayeux,  Made  microg,  Terr, 
s^dim.  chap.  iV. 

2  Cayeux,  o]p.  cit.  chap.  i.  A  specimen  of  the  Gaize  of  Marleinoiit  analysed  at  the  Ecole 
des  Mines  gave  the  following  composition  :  silica  soluble  iii  potash,  20'6  ;  insoluble  gilica, 
68*4;  alumina,  1;  ferric  oxide,  3*0;  lime,  1‘3  ;  loss  by  calcination,  5'f>  ;  total,  99 '9. 
Cayeux,  op.  cit.  p.  41. 

3  Q.  J.  G.  S.  xxxvi.  p.  63.  See  Daubree,  A}in.  des  Mines,  2nd  ser.  i.  p.  206. 
A.  A.  Young,  Anier.  Journ.  Sci.  3rd  ser.  xxiii.  257  ;  xxiv.  47 ;  and  esiieeially  the  work 
of  Irving  and  Van  Hise  (quoted  on  p.  142),  which  gives  .some  excellent  figures  of  enlaiKed 
quartz-grains.  S.  Calvin,  Amer.  Geol.  xiii.  (1894),  p.  225,  also  gives  good  fignre.s. 

^  L.  Cayeux,  Microg.  Terr,  sklim.  chap.  iii. 
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retaining  often  its  ripple-marks  and  sun-cracks.  The  nietamorphisni  it  lias  undergone 
has  generally  not  been  great,  and  for  the  m-ost  part  is  limited  to  induration,  partly  by 
pressure  and  partly  by  permeation  of  a  siliceous  cement.  But  where  felspathic  ingre¬ 
dients  prevail,  the  rock  has  offered  facilities  for  alteration,  and  has  been  hero  and  there 
changed  into  highly  crystalline  mica-schists  full  of  garnets  and  other  secondary  minerals 
(contact-metamorphism  at  the  granite  of  South-western  Scotland,  p.  779). 

The  following  analysis  gives  the  composition  of  a  greywacke  from  Hurley,  Wisconsin  : 
silica,  76*84  ;  alumina,  11*76;  ferric  oxide,  0*55;  ferrous  oxide,  2*8;  magnesia, 
1*39;  lime,  0*70;  soda,  2*57;  potash,  1*62;  water,  1*87;  manganese,  a  trace- 
total,  100*18.1 

The  more  fissile  fine-grained  varieties  of  this  rock  have  been  termed  Grey  wack  e-slat  o 
(p.  172).  In  these,  as  well  as  in  greywacke,  organic  remains  occur  among  the  Silurian 
and  Devonian  formations.  Sometimes,  in  the  Lower  Silurian  rocks  of  Scotland,  these 
strata  become  black  with  carbonaceous  matter,  among  wliich  vast  numbers  of  graptolites 
maybe  observed;  Gradations  into  sandstone  are  termed  Grey  wack  e-sandstone.  In 
ITorway  the  reddish  felspathic  greywacke  or  sandstone  of  the  Primordial  rocks  is  called 
Sparagmite  ;  similar  material,  graduating  into  arkose,  forms  much  of  the  Torridou 
sandstone  of  Scotland,  * 

Besides  these  rocks,  which  are  obviously  of  clastic  origin,  there  may  be  included  here 
some  others  of  a  highly  siliceous  nature,  but  the  sedimentary  character  and  mode  of 
formation  of  wliich  are  not  so  clear.  Such  are  Jasper,  and  Ferruginous  Quartz, 
which  occur  in  beds  interstratified  among  some  older  Pahcozoic  and  pre-Cambrian 
formations,  as  well  as  in  veins  together  with  vein-quartz.  With  them  may  be  groii])ed 
Lyfdian-stoiie  {Lydite,  Phthanite,  Kiesclschicfcr),  a  black  or  dark-colourcd,  excessively 
compact,  hard,  infusible  rock  with  splintery  fracture,  occurring  in  thin,  sharply  defined 
hands,  split  by  cross  joints  into  polygonal  fragments,  which  are  sometimes  cemented  by 
fine  layers  of  quartz.  It  consists  of  an  intimate  mixture  of  silica  wdth  aliunina, 
carbonaceous  materials,  and  oxide  of  iron,  and  under  the  mittroscopo  sliow’s  minuted 
quartz-granules  with  dark  amorphous  matter.  It  occurs  in  thin  layers  or  liaiids  in 
the  Silurian  and  later  Palaeozoic  formations  interstratified  with  ordinary  sandy  and 
argillaceous  strata.  As  these  rocks  have  not  been  materially  altered,  the  liands  of 
Lydian-stone  may  be  of  original  formation,  though  the  extent  to  which  tlicy  an;  oftim 
veined  with  quartz  shows  that  they  have,  in  many  cases,  been  pei’meatcd  by  silicieous 
water  since  their  deposit.  Some  originally  clastic  siliceous  rocks  have  ac([iiired  a  more; 
or  less  crystalline  structure  from  the  action  of  thermal  w'ater  or  otherwise.  One  of  the 
most  marked  varieties,  OrijMliml  Sandstone^  has  been  aliovc  reliuTcd  to.  Another 
variety,  known  as  Quartzite^  is  a  granular  and  com])act  aggregah;  of  quartz,  which  will 
be  described  in  connection  w'ith  the  schistose  rocks  among  which  it  generally  occurs 
(p.  249).  The  siliceous  rocks  due  to  the  operations  of  plant  and  animal  life  aia; 
described  on  p.  179,  also  on  pp.  609,  624. 

2.  Clay  Rocks  (Pelitcs). 

These  are  composed  of  fine  argillaceous  sediment  or  mud,  derived  from  the  waste  of 
rocks.  Perfectly  pure  clay  or  kaolin,  hydrated  silicate  of  alumina,  may  lx;  ohtnined 
where  granites  and  other  felspar-bearing  nxdvs  decompose.  But,  as  a  rule,  Idu^  argil¬ 
laceous  materials  are  mixed  with  variou.s  impurities.*'^ 

^  Described  by  Mr.  W.  S.  Bay  ley  (who  gives  an  aecmmt  of  its  niicroHcopIc  character), 
and  analysed  by  Dr.  H.  N.  Stokes,  Bvll.  U.  K  (L  S.  No.  150,  pp.  84,  87. 

-  The  literature  connected  with  clays,  especially  in  their  industrial  apjfiic.atien,  lias  been 
catalogued  by  Mr.  J.  G.  Brainier,  “Bibliography  of  Cfiays  and  the  Genuine.  Arts,”  Hidl. 
17.  >8.  G.  No.  143  (1896).  An  important  investigation  in  the  subject  by  J)r.  H.  liuts 
will  he  found  in  the  “Preliminary  Report  on  the  Clays  of  Alabama,”  in  JUdl.  No.  O',  <hioL 
jSurv.  Alabama  (1900);  also  Trajis.  Avier.  Just.  PAtyhi.  Feliriiary  1898.  The 
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Clay,  Mud  (Argile,  Boue  ;  Tlioii,  Sdilaniin). — The  decomposition  of  felspars  and 
allied  minerals  gives  rise  to  the  formation  of  hydrous  aluniiiious  silicates,  which, 
occurring  usually  in  a  state  of  fine  subdivision,  are  capable  of  being  held  in  sus])eiision 
in  water,  and  of  being  transported  to  great  distances.  These  substances,  diflering  much 
in  composition,  are  embraced  under  the  general  term  Clay,  wdiich  nia}^  Ixi  deiined  as  a 
white,  grey,  brown,  red,  or  bluish  substance,  which  wdien  dry  is  soft  and  friable, 
adheres  to  the  tongue,  and  shaken  in  water  makes  it  mechanically  turbid  ;  wh(*ii  moist 
is  pdastic,  when  mixed  with  much  water  becomes  mud.^  It  is  evident  tliat  a  wide  range 
is  possible  for  varieties  of  argillaceous  sediment.  The  following  are  the  more  important. 

Kaolin  (Porcelain-clay,  China-clay)  has  been  already  noticed  (]>.  104). 

Pipe-Clay — white,  nearly  pure,  and  free  from  iron. 

Fire-Clay — largely  found  in  connection  with  coal-seams,  contains  little  iron,  and  is 
nearly  free  from  lime  and  alkalies.  It  has  been  derived  from  tlie  waste  of  sucli  rocks  as 
granite.*’  Some  of  the  most  tyjdcal  fire-clays  are  those  long  used  at  Stourhridge, 
Worcestershire,  for  the  manufacture  of  pottery.  The  best  glass-house  pot-clay,  that  is, 
the  most  refractory,  and  therefore  used  for  the  construction  of  pots  which  have  to  stand 
the  intense  heat  of  a  glass-house,  has  the  following  composition  :  silica,  73*82  ;  alumina, 
15*88  ;  protoxide  of  iron,  2*95  ;  lime,  trace;  magnesia,  trace;  alkalies,  *90;  suljdmric 
acid,  trace;  chlorine,  trace;  water,  6*45  ;  specific  gravity,  2*51. 

Gannister — a  very  siliceous  close-grained  variety,  found  iu  the  Lower  Ooal-meaBures 
of  the  north  of  England,  and  now  largely  ground  down  as  a  material  for  the  lu'.arths  of 
iron  furnaces. 

Brick-clay — properly  rather  an  industrial  than  a  geological  term,  since  it  is  a])pliod 
to  any  clay,  loam,  or  earth  from  which  bricks  or  coarse  pottery  arc  made.  It  is  an 
impure  clay,  containing  a  good  deal  of  iron,  with  other  ingredients.  An  analysis  gave 
the  following  composition  of  a  brick -clay  :  silica,  49*44;  alumina,  34*26;  sescpiioxide 
of  iron,  7*74  ;  lime,  1*48  ;  magnesia,  5*14  ;  water,  1*94. 

Abysmal  Clay — on  the  ocean-floor  at  great  depths  certain  red  clays  have  a  wide 
distribution.  They  are  described  at  p.  583. 

Fuller’s  Earth  (Terre  a  fouloii,  Walkerde) — a  greenish  or  brownish,  earthy,  soft, 
somewhat  unctuous  substance,  with  a  shining  streak,  which  does  not  become  plastic 
vsdtli  water,  but  crumbles  down  into  mud.  It  is  a  hydrous  ahiininoiis  silicate  witli  some 
magnesia,  iron* oxide  and  soda.  The  yellow  fuller’s-earth  of  Reigate  contains  silica  5S, 
alumina  10,  oxide  of  iron  9*75,  magnesia  1*25,  lime  0*50,  cdiloride  of  sodium  0*10, 
water  24  ;  total,  98*60.^  In  England  fuller’s-earth  occurs  in  hods  among  the  Jurassic 
and  Cretaceous  formations.  In  Saxony  it  is  found  as  a  result  of  the  decomi)ositiou  of 
diabase  and  gabbro. 

Wacke—a  dirty-green  to  brownish  -  black,  earthy  or  compact,  hut  tender  and 
apparently  homogeneous  clay,  which  arises  as  the  ultimate  stage  of  the  decomposition 
of  basalt- rocks  in  sU%. 

Loam — an  earthy  mixture  of  cla}''  and  sand  with  more  or  less  organic  matter.  The 

minute  structures  of  modern  clays  and  old  allied  rocks  are  well  discussed  by  Mr.  Hutchings 
iu  a  series  of  papers  in  the  GeoL  Mag.  1894,  p.  36,  and  1896,  pp.  309,  343.  He 
shows  how  fine  sedimentary  material  may  be  best  studied,  whether  loose  or  in  solid  rock. 
Professor  Sollas  has  described  the  mud  of  the  Severn  and  its  tributaries,  Q.  J.  G.  S.  xxxix. 
(1883),  pp.  611-625. 

^  A  series  of  chemical  analyses  of  clays  and  soils  will  he  found  in  Jhdl  U.  S.  (J.  S 
No.  168  (1900).  In  these  the  proportion  of  alumina  ranges  from  less  than  1  up  to  more  than 
39  per  cent,  whence  it  will  be  seen  what  a  wide  range  of  composition  is  embraced  in  the 
mechanical  sediments  which  are  all  loosely  described  as  clays. 

2  For  an  account  of  a  microscopic  study  of  the  composition  and  structure  of  fire-clay  see 
Mr.  Hutchings’  papers,  above  cited. 

^  Klaproth,  Beitrage,  iv.  p.  334. 
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black  soils  of  Russia,  India,  &c.  (Tcliernozom,  Rcgiir),  are  dark  deposits  of  loam  well 
in  organic  matter,  and  sometimes  upwards  of  twenty  feet  deep.  (See  Rook  III.  Part.  II. 
pp.  605,  606.) 

Loess _ a  pale,  somewhat  calcareous  clay,  probably  in  large  measure  ol  wind-drift 

origin,  found  in  some  river-valleys  (Rhine,  Danube,  Mississippi,  &c.),  and  over  wide 
regions  in  China  and  elsewhere.  It  is  described  at  p.  439. 

Bauxite— a  hydrated  alumina  recognised  first  at  Baux  near  Arles,  in  the  south  of  France. 
It  is  seldom  pare,  but  occurs  mingled  with  clay,  iron  and  other  impurities  in  variable 
proportions  in  layers  and  beds,  sonietiinos  of  considerable  extent.  It  contains  from  45 
to  nearly  80  per  cent  of  alumina,  and  about  15  per  cent  of  water,  with  some  ferric  oxide, 
titanic  acid  and  silica.  Its  mode  of  origin  has  been  the  subject  of  much  discussion. 
Some  observers  have  supposed  it  to  have  been  formed  by  hydrothermal  action,  and  its 
occasional  pisolitie  structure,  as  in  Arkansas,  has  been  cited  in  support  of  this  view. 
The  general  tendency  of  opinion,  however,  is  to  regard  the  substance  as  mainly  due  to 
the  siibaerial  action  of  acidulous  waters  on  rocks  containing  aluminous  silicates,  such 
as  granite,  syenite,  basalt  or  andesite.  It  is  probably  closely  related  to  Lateritc,  like 
which  it  varies  much  in  composition  and  in  the  proportion  of  iron  it  contains,  feonic- 
times  it  passes  laterally  or  vertically  into  earthy  haimatite,  the  oxides  of  iron  and 
aluminiiini  being  liberated  by  the  same  process  of  decomposition  among  rocks  containing 
these  metals  in  the  form  of  silicates.  Bauxite  occurs  in  the  De])artments  of  the 
Ariege  and  Herault  in  France,  the  Vogelsberg,  the  north  of  Ireland,  and  other  parts 
of  Eurojie,  and  in  Arkansas,  ISTew  Mexico,  Alabama,  and  other  districts  of  the  United 
States.  It  is  a  valuable  source  for  the  manufacture  of  aluminium  and  alum,  and  being 
remarkably  refractory  has  been  empdoyed  for  lining  furnaces.^ 

Laterite — a  cellular,  reddish,  ferruginous  clay,  found  in  some  tro})ical  countries  as 
the  result  of  the  subaerial  decomposition  of  certain  kinds  of  rock,  as  granites,  gneiss, 
diorite  and  basalt ;  it  acquires  great  hardness  after  being  quarried  out  and  dried.  The 
peculiar  kind  of  alteration  exemplified  by  this  rock  and  by  Bauxite  lias  been  termed 
“  Laterisation.”^ 

Till,  Boulder-clay — a  stiff  sandy  and  stony  clay,  varying  in  colour  and  conqiosition, 
according  to  the  character  of  the  rocks  of  the  district  in  which  it  lies.  It  consists 
of  ‘‘rock-flour,”  in  other  words,  the  material  of  many  difiereiit  kinds  of  ro<ks  ground 
up  by  land-iee  into  the  finest  state  of  comminution.^  It  is  usually  full  of  worn  stones 
of  all  sizes,  up  to  blocks  weighing  several  tons,  and  often  well-smoothed  and  striated. 
It  is  a  glacial  deposit,  and  will  be  described  among  the  formations  of  the  Glacial  Beriod. 

Mudstone — a  fine,  usually  more  or  less  sandy,  argillaceous  rock,  having  no  fissih} 
character,  and  of  somewhat  greater  hardness  than  any  form  of  clay.  The  term 
Cl  ay  rock  has  been  applied  by  some  writers  to  an  indurated  clay  that  requires  to  bo 
ground  and  mixed  with  w'ater  before  it  acquires  ]>lasticity. 

Shale  (Schiste,  Schiefcrthori) — a  general  term  to  describe  clay  that  has  assumed  a 
thinly  stratified  or  fissile  structure.  Under  this  term  are  irududed  laminated  and  some¬ 
what  hardened  argillaceous  rocks,  which  are  ca])ablo  of  being  split  along  the  lin(38  of 

^  A  somewhat  voluminous  bibliography  has  arisen  on  the  subject  of  baii.xite.  The 
following  papers  may  be  cited  : — Daiibrde,  /i.S.  (L  F.  xxvi.  (1869),  p.  915  ;  Gcxpiand,  op.  oil. 
xxviii.  (1870),  p.  98  ;  Bieulafait,  Oovipt.  rend,  xciii.  (1881),  p.  804  ;  A.  von  Tjitibricli,  YeUmh. 
Kryst.Min.  xxiii.  p.  296  ;  Fer.  Obe/'he.ss.Ges.  RaLn.  Jleilhmd.  xxviii.  jjp.  57-98  ;  J.  G.  Bniniier, 
Journ.  Geol.  v.  (1897),  pp.  263-289j.  (this  pai^er  contains  a  good  hibliograidiy)  ;  (1.  W. 
Hayes,  16th  Ann.  Rep.  U.  S.  G.  R.  (1895),*  part  iii.  i)p.  547-597;  A  no.  Rq).  part 
iii.  pp.  435-472  ;  L.  Watson,  Anie.r.  Qeol.  xxviii.  (1901),  p.  25. 

See  M.  Bauer,  “Beitrage  zur  Geologic  der  Seychedlcn,  inshesoiidere  zur  Kenniniss  d(!S 
Laterites,”  Neues  Jahrh.  1898,  ii.  p.  163, 

^  Mr.  Crosby,  Proc.  Bostem  Kat.  Hut.  Ron.  xxv.  (1890),  p]>,  115-172,  lias  shown  this 
clearly  for  the  till  around  Boston,  Mass. 


170 


GEOGNOSY 


BOOK  II  PART  It 


deposit  into  thin  leaves.  It  lias  been  ascertained  in  many  cases  that  the  cl aj’’- substance 
in  shales  and  slates  is  not  mere  impure  kaolin,  but  has  undergone  alteration  into  a 
micaceous  material,  in  which  fine  grains,  probably  detrital,  are  imbedded.  Wlien  the 
sediment  undergoes  compression  into  slate  the  greenish-yellow  mica  becomes  recognisably 
muscovite  together  with  chloritic  material.  By  further  dynamical  metamorphisin  the 
sediment  passes  into  phyllite  and  mica-schist  (p.  247).  Shales  present  almost  endless 
varieties  of  texture  and  composition,  passing,  on  the  one  hand,  into  clays,  or,  where 
much  indurated,  into  slates  [and  argillaceous  sc.hists  ;  on  the  other,  into  flagstones  and 
sandstones  ;  or  again,  through  calcareous  gradations  into  limestone,  or  through 
ferruginous  varieties  into  clay-ironstone,  and  through  bituminous  kinds  into  coal.  The 
average  composition  of  a  large  series  of  Palreozoic,  Secondary,  and  Tertiary  shales, 
analysed  by  the  United  States  Geological  Survey,  is  shown  in  the  subjoined  table. ^ 


A 

B 

c  i 

1 

SiOo  .... 

55-43 

60-15 

58-38  1 

TiO.  .... 

0-46 

0-76 

0-65 

ai.>6,  .... 

13-84  ' 

16-45 

15-47 

.... 

4-00 

4-04 

4-03  ' 

FeO  .... 

1-74  1 

2-90 

2-46  I 

MnO  .... 

trace 

trace 

trace  ' 

CaO  .  .  .  . 

5-96 

1-41 

3-12  1 

BaO  .  .  .  . 

0-06 

0-04 

0-05 

Mg  .... 

.  '  2-67 

2-32 

2-45 

...  . 

.  '  2-67 

3-00 

3-25 

NaoO  .... 

1-80 

1-01 

1-31  ! 

LioO  .... 

.  '  trace 

trace 

trace  i 

HoO  at  110" . 

.  ,  2-11 

0-89 

1-34  1 

HoO  above  110"  . 

.  ,  3-45 

3 -82 

1  3-68  j 

p;o,  .... 

.  ■  0-20 

0-15 

!  0-17 

COo  .  .  .  . 

.  ;  4-62 

1-46 

1  2-64 

so;  .... 

0-78 

0-58 

i  0-65 

Carbon  of  organic  origin 

.  0-69 

0-88 

,  0-81 

1  100-48  i 

100-46 

100-46 

Clay-Slate  (Schiste  ardoise,  Thonschiefer). — Under  this  name  are  included  certain 
hard  fissile  argillaceous  masses,  composed  primarily  of  compact  clay,  sometimes  with 
megascopic  and  microscopic  scales  of  one  or  more  micaceous  minerals,  granules  of  quartz 
and  cubes  or  concretions  of  pyrites,  as  well  as  veins  of  quartz  and  calcite.  The  fiseile 
structure  is  specially  characteristic.  In  some  cases  this  structure  coincides  with  that  of 
original  deposit,  as  is  proved  by  the  alternation  of  fissile  beds  with  bands  of  hardened 
sandstone,  conglomerate  or  fossiliferous  limestone.  But  for  the  most  part,  as  the  rocks 
have  been  much  compressed,  the  fissile  structure  of  the  argillaceous  bands  is  independent 
of  stratification,  and  can  be  seen  traversing  it.  Sorby  has  shown  that  thi.s  superinduced 
fissility  or  ‘‘cleavage  has  resulted  from  an  internal  rearrangement  of  the  particles  in 
planes  perpendicular  to  the  direction  in  which  the  rocks  have  been  compressed  (see 
]jostea,  pp.  417  and  684).  In  England  the  term  “slate”  or  “clay-slate”  is  given  to 

1  Analyses  by  Dr.  H.  N.  Stokes,  Bull.  U.  S.  Q.  S.  No.  168  (1900),  p.  17.  Column  A 
gives  the  composite  analysis  of  2/  Mesozoic  and  Cenozoic  shales.  Each  individual  shale  was 
taken  in  amount  roughly  proportional  to  the  mass  of  the  formation  which  it  represen te<l. 
Column  B  gives  the  composite  analysis  of  51  Palaeozoic  shales,  weighted  a.s  in  the  former 
case.  Column  C  shows  the  general  average  of  A  and  B,  giving  them,  respectively,  weights  as 
3  to  5.  This  average  represents  78  rocks.  It  should  be  added  that  the  material  was  selected 
and  the  samples  prepared  by  Mr.  G.  K,  Gilbert,  assisted  by  Mr.  G.  W.  btose. 
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argillaceous,  not  obviously  crystalline  rocks  possessing  this  cleavage-structure.  Whore 
the  micaceous  lustre  of  the  finely  disseminated  superinduced  mica  is  prominent,  the 
rocks  become  pliyllites. 

Microscopic  examination  shows  that  many  cleaved  clay-slates  contain  a  large 
proportion  of  a  micaceous  mineral  in  extremely  minute  flakes,  whi(di  in  the  best  Welsh 
slates  have  an  average  size  of of  an  inch  in  breadth,  and  of  an  inch  in  thick¬ 

ness,  together  with  very  fine  black  hairs  which  maybe  magnetite.^  Moreover,  many 
clay-slates,  though  to  outward  appearance  thoroughly  non-crystalline,  and  evidently  of 
fragmental  composition  and  sedimentary  origin,  yet  contain,  sometimes  in  rcinarkablc 
abundance,  microscopic  microlites  and  crystals  of  difterent  minerals  pdaecnl  with  their 
long  axes  parallel  with  the  planes  of  fissility.  These  minute  bodies  include  yellowish - 
brown  needles  of  rutile,  greenish  or  yellowish  flakes  of  mica,  scales  of  calcite,  and 
probably  other  minerals.'^  Small  granules  of  rpiartz  containing  fluid-cavities,  show  on 
their  surfaces  a  distinct  blending  with  the  substance  of  the  surrounding  rock.  M .  Keiiard 
has  found  that  the  Belgian  whet-slate  is  full  of  minute  crystals  of  garnet.**  Some  of  the 
more  crystalline  varieties  (phyllite)  are  almost  wholly  composed  of  minute  crysialliiio 
particles  of  mica,  quartz,  felspar,  chlorite  ami  rutile,  and  form  an  intermediate  stage 
between  ordinary  clay-slate  and  mica-schist. 

A  distinction  has  been  drawn  by  some  petrographers  between  certain  rocks  (phyllite, 
p.  247,  TJrtlionscliiefer)  which  occur  in  Archman  regions  or  in  groups  probaldy  ot  high 
antiquity,  and  others  (ardoise,  Tlionschiefer)  which  are  found  in  halieozoic  and  later  forma¬ 
tions.  But  there  does  not  appear  to  be  adequate  justification  for  this  grouping,  which  has 
ju’obahly  been  suggested  rather  by  theoretical  exigencies  than  by  any  essential  difhu’enccs 
between  the  rocks  themselves.  That  the  whole  of  the  seriei^of  argillaceous  rocks,  begin¬ 
ning  with  clay  and  passing  through  shale  into  slate  and  pliyllitt*,  is  of  sedimentary 
origin  is  indicated  by  the  organic  remains,  false  bedding,  ripple-niark,  &c.,  found  in 
those  at  one  end  of  the  series,  and  by  the  insensible  gradation  of  the  niineriilogical 
characters  through  increasing  stages  of  metaniorphism  to  the  other  end.  8om(‘.  micro¬ 
scopic  crystals  may  possibly  have  been  originally  formed  among  the  muddy  sediment  on 
the  sea-floor  (see  p.  585).  Others  may  have  formed  part  of  the  original  nujchanical 
<letritus  that  went  to  make  the  slate..  But,  for  the  most  part,  they  have  been  subsequently 
develox)ed  within  the  rock,  and  represent  early  stages  of  the  process  whicdi  ha.s  culminat(Hl 
ill  tlie  production  of  crystalline  .schists..  The  development  of  crystals  of  chiaHioIit(3  and 
other  minerals  in  clay-.slate  is  frequently  to  be  observed  round  bosses  of  granite,  as 
one  of  the  phases  of  contact-metaniorpliism  (see  j)]).  772-7H5). 

A  number  of  varieties  of  Clay-slate  are  recognised.  Roofing  slate  (Daehscdiiefer) 
includes  the  finest,  most  compact,  homogeneous  and  durable  kinds,  suitable  for  roofing 
houses  or  the  manufacture  of  tables,  chinmey-pieces,  writing-slahis,  ^c.  A  nthracdiic- 
slate  (anthracite- phyllite,  aUim-slate),  dark  carbonaceous  slate  with  much  iroii-disul" 
phide.  Bauds  of  this  nature  sometimes  run  tlirough  a  clay-slati*.  region.  The  (nirbon- 
aceous  material  arises  from  the  alteration  of  the  remains  of  [dants  (fucoids)  or  animals 
(frequently  graptolites).  The  marcasite  so  abundantly  asHociatcnl  with  tlu'se  organisms 
decomposes  on  exposure,  and  the  sulpliuric  aci<l  produced,  uniting  with  the  {dumina, 

^  Sorhy,  Q,  J.  (L  S.  xxvi.  p,  68. 

These  “elay-slate  needles”  may,  in  some  eases,  have  been  (kq)osit(Ml  with  tlic-  rest  of  the 
sediment  as  part  of  the  debris  of  iire-existing  crystalline  rocks  (sec.  p.  Ifh'B  ;  hut  in  gen(*ral 


they  appear  to  have  been  developed  where  tliey  now  oetmr  by  suhscuinent  actions  (see 
posted,  pp.  419,  773).  For  their  character  .see  Zirkel,  ‘Mik.  Bcschafl'.’  ]).  49i)  ;  Kalkowsky, 
jSf,  Jahrh,  1879,  p.  382;  A.  Cathrein,  oj).  c.iL  i.  (1882),  p.  169;  A.  Penck,  A'/V.-A.  /kq/cr. 
AJead.  Math.  Phys.  1880,  p.  4G1  ;  A.  Wichmaiin,  (/.  ,/.  (>.  K  xxsv.  p.  156  ;  the  paja-rs  by 
Mr.  Hutcliiugs  cited  on  p.  168  ;  Mr.  A.  R.  Hunt,  (Pol.  May.  1896,  p]).  31,  79. 

^  Acad.  Roy.  Belgtyve,  x\i.  (1877).  See  also  his  ])ai>ers  on  the  (*,om}>oHiti()n  and  structure 
of  the  phyllade.s  of  the  Ar(lenne.s,  Bull.  Mus.  Roy.  Bely.  i.  (1882):  iii.  (1884),  p.  231. 


172 


GEOGNOSY 


book  ti  part  It 


potash  and  other  bases  of  the  surrounding  rocks,  gives  rise  to  an  efflorescence  oi  alum, 
ov  the  decomposition  produces  sulphurous  springs,  like  those  of  Moffat.  ^  As  above  stated, 
the  name  Gre vwacke-slate  has  been  applied  to  extremely  fine-grained,  liard,  sha  ), 
more  or  less  inieaceoiis  and  sandy  bands,  associated  with  greywacke  among  the  okler 
Pah-eozoic  rocks.  Whet-slate,  Xovaculite,  Hone-stone  (Coticule,  Wetzschiefor) 
is  an  exceedingly  hard  fine-grained  siliceous  rock,  some  varieties  of  which  ilenvo 
their  economic  value  from  the  presence  of  microscopic  crystals  of  garnet.  Tlie  various 
forms  of  altered  clay-slate  are  described  at  p.  247  among  the  metainorphic  rocks.  ^ 
Porcellanite  (Argillite)— a  name  applied  to  the  exceedingly  indurated,  somctimeB 
partially  fused  condition  which  shales  are  apt  to  assume  in  contact  with  dykes  and 
intrusive  sheets  or  bosses.  For  an  account  of  this  form  of  contact-metniaorphism  see 
p.  76S.  It  is  hardly  possible  to  discriminate  between  such  highly  baked  shales  and 
some  of  the  liner  siliceous  sediments  which  have  been  called  Lydian -stone  (p.  Ib7). 


3.  Volcanic  Fragmental  Eocks— Tuffs. 

This  section  comprises  all  deposits  which  have  resulted  from  the  coniininution  of 
volcanic  rocks.  They  thus  include  (1)  those  which  consist  of  the  fragmentary  materials 
ejected  from  volcanic  foci,  or  the  true  ashes  and  tuffs  ;  and  (2)  some  rocks  derived  from 
the  superficial  disintegration  of  already  erupted  and  consolidated  volcanic  masses. 
Obviously  the  second  series  ought  properly  to  be  classed  with  the  sandy  or  edayey  rocks 
above  described,  since  they  have  been  formed  in  the  same  way.  In  practice,  liowever, 
these  detrital  reconstructed  rocks  cannot  always  be  certainly  distinguished  from  those 
which  have  been  formed  by  the  consolidation  of  true  volcanic  dust  and  sand.  Their 
chemical  and  lithological  characters,  both  megascopic  and  microscopic,  are  occasionally 
so  similar,  that  their  respective  modes  of  origin  have  to  be  decided  by  other  considera¬ 
tions,  such  as  the  occurrence  of  lapilli,  bombs  or  slags  in  the  truly  volcanic  serie.s,  and  of 
well  water- worn  pebbles  of  volcanic  rocks  in  the  other.  Attention  to  thene  features, 
however,  usually  enables  the  geologist  to  make  the  distinction,  and  to  perceive  that  the 
number  of  instances  where  he  may  be  in  doubt  is  less  than  might  be  supposed.  Only  a 
comparatively  small  number  of  the  rocks  classed  here  are  not  true  volcanic  ejectionH.'*^ 

^Referring  to  the  account  of  volcanic  action  in  Book  III.  Part  I.  Sect,  i.,  we  may  here 
merely  define  the  use  of  the  names  by  which  the  different  kinds  of  ejected  volcanic 
materials  are  known. 

Volcanic  Blocks — angular,  sub -angular,  round,  or  irregularly  .shaped  inasses  of 
lava,  varying  in  size  np  to  several  feet  or  yards  in  diameter,  sometimes  of  iiniforrn 
texture  throughout,  as  if  they  were  large  fragments  dislodged  by  explosion  from  a 
previously  consolidated  rock,  sometimes  compact  in  the  interior  and  cellular  or  slaggy 
outside. 

Bomba — round,  elliptical,  or  discoidal  pieces  of  lava  from  a  few  inches  up  to  one 
or  more  feet  in  diameter.  They  are  frequently  cellular  internally,  while  the  outer  i)art8 
are  fine-grained.  Occasionally  they  consist  of  a  mere  shell  of  lava  with  a  hollow 
interior  like  a  bomb-shell,  or  of  a  casing  of  lava  enclosing  a  fragment  of  rock.  Their 
mode  of  origin  is  explained  in  Book  III.  Part  I.  Sect.  i.  §  1. 

Lapilli  (rapilli)— ejected  fragments  of  lava,  round,  angular,  or  indefinite  in  shape, 
varying  in  size  from  a  pea  to  a  walnut.  Their  mineralogical  composition  depends  upon 

^  This  rock  has  given  rise  to  much  discussion  and  a  variety  of  theories  as  to  its  origin. 
It  has  been  claimed  as  having  been  a  mechanical  silt,  an  organic  mud,  a  chemical  precipitate, 
an  igneous  deposit,  a  replacement  of  original  clay,  a  replacement  of  limestone,  a  replacement 
of  dolomite.  The  bibliography  of  the  subject  is  briefly  given  by  Mr.  J.  0.  Branner,  Joum. 
Geol.  vi.  (1898),  p.  368,  See  the  papers  of  Professor  Renard  above  cited  ;  also  F.  Ilutley, 
q.  J.  (7.  S.  1.  (1894),  p.  377. 

2  For  a  classification  of  tuffs  and  tiiffaceous  deposits  see  E.  Reyer,  Jahrh.  K,  KUkN. 
Rei^sanst.  xxxi.  (1881),  p.  57. 
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that  of  the  lava  from  which  they  have  been  thrown  up.  Usually  they  are  porous  or 
finely  vesicular  in  texture. 

Volcanic  Sand,  Volcanic  Ash — the  finer  detritus  erupted  from  volcanic-  orifices, 
consisting  partly  of  rounded  and  angular  fragments,  up  to  about  the  size  of  a  i)ea, 
derived  from  the  explosion  of  lava  within  eruptive  vents,  partly  of  vast  quantities 
of  microlites  and  crystals  of  some  of  the  minerals  of  the  lava.  The  hnest  dust  is  in  a 
state  of  extremely  minute  subdivision.  When  examined  under  the.  inicro.sco])e,  it  is 
sometimes  found  to  consist  not  only  of  minute  crystals  and  microlites,  but  of  volcanic 
glass,  which  may  be  observed  adhering  to  the  microlites  or  crystals  round  which  it 
flowed  when  still  part  of  the  fluid  lava.  The  pirCvsence  of  minutely  cellular  fragjinuits  is 
characteristic  of  most  volcanic  fragmental  rocks,  and  this  structure  may  commonly  bo 
observed  in  the  microscopic  fragments  and  filaments  of  glass,  A  characteristic  fi'aturo 
of  these  minute  fragments  is  the  frecpieiit  occurrence  among  them  of  semi-circular  or 
elliptical  (‘‘hour-glass”)  shapes,  which  evidently  represent  the  sides  of  vesiedes  or  pores 
that  enclosed  vapour  or  gas  in  the  molten  rock,  and  were  disru]i>ted  and  blown  out 
during  volcanic  explosions. 

When  these  various  materials  are  allowed  to  accumulate,  they  become  (5oiisolidatc3d 
and  receive  distinctive  names.  In  cases  where  they  fall  into  the  sea  or  into  lakes,  they 
are  liable  at  the  outer  margin  of  their  area  to  he  mingled  with,  and  insensibly  to  [)ass 
into  ordinary  noil-volcanic  sediment.  Hence  "we  may  expect  to  find  transitional  varieties 
between  rocks  formed  directly  from  the  results  of  volcanic  explosion  abd  those  which 
arise  as  ordinary  sedimentary  deposits. 

Volcanic  Conglomerate — a  rock  composed  mainly  or  entirely  of  roundi3d  or  sub- 
angular  fragments,  chiefly  or  wholly  of  volcanic  rocks,  in  a  paste  of  the  same  materials, 
usually  exhibiting  a  stratified  arrangement,  and  often  found  intercalated  between 
successive  sheets  of  lava.  Conglomerates  of  this  kind  may  have  Ixion  formed  by  the 
accumulation  of  rounded  materials  ejected  from  volcanic  vents  ;  or  as  tin;  result  of  the 
aqueous  erosion  of  previously  solidified  lavas,  or  by  a  combination  of  both  these,  proci'sscs. 
Well-rounded  and  smoothed  stones  almost  certainly  indicate  long-e-oiitimuMl  water-action, 
rather  than  trituration  in  a  volcanic  vent.  In  the  Western  Te.rritories  of  tlui  United 
States  vast  tracts  of  country  are  covered  with  masses  of  such  eonglonieraii*,  sumti- 
times  2000  feet  thick.  Captain  Dutton  lias  shown  that  similar  (bqiosits  are  in  course 
of  formation  there  now,  merely  by  the  iiifiuoiice  of  disintegration  uium  exposed 
lavas.^ 

Volcanic  conglomerates  receive  different  names  according  to  the  nature  of  the  com¬ 
ponent  fragments  ;  thus  w^e  have  hasalt-conghnnendcsy  when!  these  fragmeiitH  arc 
wholly  or  mainly  of  basalt,  trachTjte-confjlomeratcs^  andcHlti'-aniijhnnf'i’fUcs,  yhonollte.’ 
cojigloynenttcs,  kc. 

Volcanic  Breccia  re.sembles  Volcanic  Conglomerate,  except  that  the  stonoH  are 
angular,  and  the  rock  usually  shows  no  trace  of  stratification.  This  angularity  indicates 
an  absence  of  aqueous  erosion,  and,  under  the  circurnatanccH  in  wliich  it  is  found, 
usually  points  to  immediately  adjacent  volcanic  explosions.  Thcr(5  is  a  great  variety 
of  breccias,  as  hasciU-hreccia,  diabase-hrcccia,  kc.  Some  of  the  mo.st  marvellous  accumu¬ 
lations  of  this  kind  of  materal  occur  in  the  western  parts  of  the  United  States,  where 
they  have  been  studied  both  stratigraphically  and  petrographically  by  the  ollie.cu-s  of 
the  United  States  Geological  Survey.- 

Volcanic  Agglomerate-~a  tumultuous  assemblage  of  blocks  of  all  sizes  up  to  masses 

^  ‘High  Plateaux  of  Utah,’  p.  77. 

^  See  Mr.  Arnold  Hague’s  excellent  account  of  these  reeks  in  the  Absaroka  Folio  of  the 
Survey,  and  in  part  i.  of  Monograph  xxxii.  ;  the  petrography  will  be  found,  Ijy  Mr.  hidings 
and  others,  in  part  ii.  of  the  same  Moiiagraph.  Compare  also  the  dese.ription  by  Mr.  W. 
H.  Weed  of  the  great  Cretaceous  volcanic  conglomerates,  agglomerates,  and  Invccias  in  the 
Livingston  Tormation  of  Montana,  BuH.  U.  K  (/.  jS.  No.  105  (1803). 
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several  yards  in  diameter,  met  witli  in  tlie  “necks”  or  pipes  of  old  volcanic  orifices. 
The  stones  and  paste  are  commonly  of  one  or  more  volcanic  rocks,  such  as  rhyolite, 
andesite  or  basalt,  but  they  include  also  fragments  of  tlie  surrounding  rocks,  what¬ 
ever  these  may  be,  through  which  the  volcanic  orifice  has  been  drilled.  As  a  rule, 
agglomerate  is  devoid  of  stratification  ;  but  sometimes  it  includes  portions  which  have  a 
more  or  less  distinct  arrangement  into  beds  of  coarser  and  finer  detritus,  often  placed  on 
end,  or  inclined  in  different  directions  at  high  angles,  as  described  in  Book  IV.  Part 
VII.  Sect.  i.  ^  4. 

Volcanic  Tuff. — This  general  term  may  be  made  to  inchide  all  the  finer  kinds  of 
volcanic  detritus,  ranging,  on  the  one  hand,  through  coarse  gravelly  deposits  into  con¬ 
glomerates,  and  on  the  other,  into  exceedingly  comjiact  fine-grained  rocks,  formed  of 

the  most  impalpable  kind  of  volcanic  dust. 
Some  modern  tuffs  are  full  of  inicrolites,  derived 
from  the  lava  which  was  blown  into  dust. 
Others  are  formed  of  small  rounded  or  angular 
grains  of  different  lavas,  with  fragments  of 
various  rocks  through  which  the  volcanic  funnels 
have  been  drilled.  The  tuffs  of  earlier  geological 
periods  have  often  been  so  much  altered,  that  it 
is  difficult  to  state  what  may  have  been  their 
original  condition.^  The  absence  of  inicrolites 
and  glass  in  them  is  no  proof  that  they  are  not 
true  tuffs  ;  for  the  presence  of  these  bodies  de¬ 
pends  upon  the  nature  of  the  lavas.  If  the 
latter  were  not  vitreous  and  microlitic,  neither 
would  be  the  tuffs  derived  from  them.  In  the 
Carboniferous  volcanic  area  of  Central  Scotland, 
the  tuffs  are  made  up  of  ddbris  and  blocks  of  the 
basaltic  lavas,  and,  like  tliese,  are  not  microlitic, 
though  in  some  places  they  abound  in  fragments  of  the  basic  glass  called  jialagonite. 
(Fig.  22,  and  infra,  p.  175.) 

Tuffs  have  consolidated  sometimes  under  water,  sometimes  on  dry  land.  As  a  rule, 
they  are  distinctly  stratified.  ITear  the  original  vents  of  eruption  they  commonly 
present  rapid  alternations  of  finer  and  coarser  detritus,  indicative  of  successive  })hases 
of  volcanic  activity.  They  necessarily  shade  off  into  the  sedimentary  formations  with 
which  they  were  contemporaneous.  Thus,  we  have  tuffs  passing  gradually  into  shale, 
limestone,  sandstone,  &c.  The  intermediate  varieties  have  been  called  ashy  shale, 
tnffaceous  shale,  or  shaley  tuff,  &c.  From  the  circumstances  of  their  formation,  tuffs 
frequently  preserve  the  remains  of  qdants  and  animals,  both  terrestrial  and  aquatic. 
Those  of  Monte  Somma  contain  fragments  of  land-plants  and  shells.  Some  of  those  of 
Carboniferous  age  in  Central  Scotland  have  yielded  crinoids,  brachiopods,  and  other 
marine  organisms.  Like  the  other  fragmentary  volcanic  rocks,  the  tuffs  may  be  sub¬ 
divided  according  to  the  nature  of  the  lava  from  the  disintegi'ation  of  which  they  have 
been  foi’med.  Thus  we  have  rhyolite-tuffs,  trachyte-tuffs,  andesite-tuffs,  hasalt-tuffs,  ko.. 
A  few  varieties  with  special  characteristics  may  be  mentioned  here.  - 

Mr.  Hutchings  has  made  some  interesting  observations  on  the  structure  of  some  of 
the  Lower  Silurian  tuffs  and  tuffaceous  slates  of  the  north  of  England,  Qeol.  Mag.  1892, 
pp.  154,  218. 

2  On  the  occurrence  and  structure  of  tuffs,  see  J.  C.  Ward,  Q.  J.  Qeol.  J^oc.  xxxi.  p. 
388  ;  Reyer,  Jahrh.  Gaol.  Jieichsanst.  1881,  p.  57  ;  A.  G-.,  Trans.  Roy.  ISoc.  Edin,  xxix., 
‘Ancient  Volcanoes  of  Great  Britain,’  p.  31 ;  Vogelsang,  Z.  Deutsch.  Qeol.  Qes.  xxiv.  p.  543  ; 
Penck,  o-jy.  at.  xxxi.  p.  504  ;  A.  Bemrose,  Q.  J.  G.  8.  1894,  p.  603.  On  the  basalt-tuffs 
of  Scania,  F.  Eichstadt,  Sveriges  Qeol'.  Urulersolcn,  ser.  c.  No.  58  (1883).  On  the  volcanic 


Fig.  22. — Microscoi)ic  Structure  of  Carbon¬ 
iferous  Palagonite  Tuff  from  Burntisland, 
Fife. 
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Trass  —  a  imle  yellow  or  grey  rock,  rough  to  the  feel,  composed  of  an  earthy  or 
compact  pumiceous  dust,  in  which  fragments  of  pumice,  trachyte,  greywacke,  hasalt, 
carbonised  wood,  &c.,  are  imbedded.  It  has  filled  up  some  of  the  valleys  of  the  Eifel, 
where  it  is  largely  quarried  as  a  hydraulic  mortar. 

Peperino — a  dark-brown,  earthy  or  granular  tuff,  found  in  considerable  (Quantity 
among  the  Alban  Hills  near  Rome,  and  containing  abundant  crystals  of  augite,  mica, 
leucite,  magnetite,  and  fragments  of  crystalline  limestone,  basalt,  and  leucite-lava. 
The  name  Peperite  has  been  applied  in  Auvergne  to  certain  volcanic  breccias  and  tuffs 
of  Tertiary  age,  some  of  which  fill  up  volcanic  vents,  as  is  well  seen  on  the  south-east 
side  of  the  hill  of  Gergovia  ;  while  others  appear  to  be  intercalated  among  the  laciustrine 
Tertiary  strata,  and  to  include  fresh- water  shells.^ 

Palagonite-Tuff — a  bedded  aggregate  of  dust  and  fragments  of  basaltic  lava,  among 
wliich  are  conspicuous  angular  pieces  and  minute  granules  of  the  pale  yellow,  green,  red, 
or  brown  altered  basic  glass  called  palagonite.  This  vitreous  substance  is  intimately 
related  to  the  basalts  (p.  236).  It  appears  to  have  gathered  within  volcanic  vents  and 
to  have  been  emptied  thence,  not  in  streams,  hnt  by  successive  aeriform  exjilosions, 
and  to  have  been  subsequently  more  or  less  altered.  The  percentage  composition  of  a 
specimen  from  the  typical  locality,  Palagonia,  in  the  Val  di  Noto,  Sicily,  was  estimated 
by  Sartorius  von  'Waltersliaiiseii  to  be:  silica,  41*26;  alumina,  8*60;  ferric  oxide, 
25*32;  lime,  5*59;  magnesia,  4*84;  potash,  0*54;  soda,  1*06;  Avater,  12*79.  This 
rock  is  largely  developed  among  the  products  of  the  Icelandic  and  Sicilian  volcanoes;^ 
it  occurs  also  in  the  Eifel,  Nassau,  Auvergne,  Scania,  Faroe  Isles,  Canary  Islands,  New 
Zealand,  and  other  places.  It  has  been  found  to  he  one  of  the  characteristic  features  of 
tuffs  of  Carboniferous  age  in  Central  Scotland  ^  (Fig.  22). 

Schalstein. — Under  this  name,  German  petrographers  have  placed  a  variety  of  green, 
grey,  red,  or  mottled  fissile  rocks,  impregnated  with  carbonate  of  lime.  They  are  inter- 
stratified  with  the  Devonian  formations  of  Nassau,  the  Harz  and  Devonshire,  and  with 
the  Silurian  rooks  of  Bohemia.  They  sometimes  contain  fragments  of  clay-slate,  and 
are  occasionally  fossiliferoiis.  They  present  amygdaloidal  and  por])hyritic,  as  well  as 
perfectly  laminated  structures.  Probably  they  are  iu  most  cases  true  diabase- tuffs,  but 
sometimes  they  may  be  forms  of  diabase-lavas,  which,  like  the  stratified  formations  in 
which  they  lie,  have  undergone  alteration,  and  in  particular  have  acipiired  a  more  or 
less  distinctly  fissile  structure,  as  the  result  of  lateral  pressure  and  internal  crushing.'* 

4.  Rocks  of  Organic  Origin. 

Tins  series  includes  deposits  formed  either  by  the  growth  and  decay  of  organisms 
m  sitii,,  or  by  the  transport  and  subsequent  accumulation  of  their  remains.  These  may 

tuffs  used  for  building  purposes  in  the  Roman  Campagna,  A.  Veriii,  if.  aS.  O.  Ital,  xi. 
(1892),  pp.  63-75.  On  the  metarnorpliism  of  tufls  into  lava-like  rocks,  see  Dutton’s  “  High 
Plateaux  of  Utah”  {V.  S.  Geof/mph.  and  Geol.  Sarret/  of  Jtacly  JfmaiLs.),  1880,  79. 

According  to  M.  Michel-Lt'vy  and  some  other  French  geologists,  however,  these  rocks 
are  to  he  regarded  as  intrusive  masses.  The  evidence  for  tliis  view  is  fully  set  forth  in  No. 
87  of  the  Bull.  Cart.  Geul.  France  (1902),  by  M.  J.  Giraud.  The  view  stated  in  the  text 
was  formed  by  me  on  the  ground  in  Auvergne,  and  is  based  not  only  on  observations  there, 
but  on  a  wide  experience  of  the  similar  but  much  more  clearly  presented  evidence  of  the 
younger  volcanic  rocks  in  Central  Scotland. 

2  S.  von  Waltershausen,  ‘  Ueber  die  Vulkanischeii  Ge.steine  in  Sicilien  und  Island,’ 
1853,  pp.  179,  424.  H.  Pjeturson,  Acot.  Geograph.  Mag.  xvi.  (1900). 

^  ‘Ancient  Volcanoes  of  Great  Britain,’  voL  i.  j)p.  33,  61,  422 ;  ii.  pp.  44,  57,  223. 

“*  Oppermami,  ‘Dissertation  fiber  Schalstein  und  Kalktrapp,’  Frankfort,  1836.  C. 
Koch,  Jahrh.  Ver.  Nat.  Nassau^  xiii.  (1858),  pp.  216,  238.  J.  A.  Phillips,  Q.  J.  O.  H.  xxxii. 
p.  155  ;  xxxiv.  p,  471.  Plutchings,  Gml.  Mag.  1892,  pj).  154,  218. 
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not  be  perceptible.  Mr.  Sorby,  in  the  Address  alreadj'  cited,  called  renewed  attention 
to  the  importance  of  the  form  in  which  carbonate  of  lime  is  built  up  into  animal 
structures.  Quoting  the  opinion  of  Rose  expressed  in  1858,  that  the  diversity  in  the 
state  of  preservation  of  different  shells  might  be  due  to  the  tact  that  some  of  thorn  had 
their  lime  as  calcite,  others  a.s  aragonite,  he  showed  that  this  opinion  is  amply  supported 
by  microscopic  examination.  Even  in  the  shells  of  a  recent  raised  beach,  he  observed 
that  the  inner  aragonite  layer  of  the  common  hius.sel  had  been  com])letcly  removed, 
though  the  outer  layer  of  calcite  was  well  preserved.  In  some  shelly  limestones  contain¬ 
ing  casts,  the  aragonite  shells  have  alone  disappeared,  and  where  these  still  remain 
represented  by  a  calcareous  layer,  this  has  no  longer  the  original  structure,  hut  is  more 
or  less  coarsely  crystalline,  being  in  fact  a  pseudomorph  of  calcite  after  aragonite,  and 
C[uite  unlike  contiguous  calcite  shells,  which  retain  their  original  microscopical  and 
optical  characters.^ 

Not  only  is  limestone  subject  to  the  conversion  of  original  aragonite  into  calcite,  but 
further  (metasomatic)  changes  frequently  alter  its  chemical  composition.  By  a  re})lac'e- 
ment  of  half  its  substance  by  carbonate  of  magnesia,  it  is  converted  into  dolomite 
(Dolomitisation).  In  other  cases  the  carbonate  of  lime  has  been  replaced  by  carbonate 
of  iron  which,  on  oxidation,  becomes  magnetite,  Inematite,  or  limonite.  This  change 
appears  to  be  specially  apt  to  occur  in  oolitic  bands,  hence  probably  many  or  most  of  the 
oolitic  forms  of  ironstone.  In  some  cases  the  oolite  grains  of  calcite  have  been  replaced 
by  silica,  and  examples  may  be  observed  in  formations  of  all  ages  where  <*alc!areous 
organisms  have  had  the  place  of  their  carbonate  of  lime  taken  by  hint  or  chert 
(Silicilication).  A  further  chemical  alteration  of  organic  limestone  is  seen  where  the, 
calcite  is  replaced,  in  large  part  or  wholly,  by  phosphate  of  lime  (Phosphatisation).  To 
a  considerable  extent  the  calcite  or  aragonite  of  the  organisms  in  some  calcareous 
deposits  has  been  replaced  hy  glauconite  (Glauconitisation).  For  an  account  of  these 
various  processes,  see  Book  III.  Part  II.  Sect.  hi.  §  3. 

The  following  list  comprises  some  of  the  more  distinctive  and  important  roriiiH  of 
organically- derived  limestones. 

Lake- Marl  (Shell-Marl)  —  a  soft,  white,  earthy,  or  crumbling  deposit,  formed 
in  lakes  and  ponds  hy  the  accumulation  of  the  remains  of  fresh-water  alga*,  sliolLs  and 
Bntoriiostraca  on  the  bottom.  When  such  calcareous  deposits  become  solid  coitipact 
stone,  they  are  known  sls  f resh’ water  {lacustrine)  limestones,  which  are  generally  of 
a  smooth  texture,  and  either  dull  white,  pale  grey,  or  crcam-coloinH'd,  th(*ir  fra<dure 
slightly  conchoidal,  rarely  splintery. - 

Liimachelle — a  compact,  dark  grey  or  brown  limestone,  charg(*d  with  amrnonite.s 
or  other  fossil  shells,  which  are  sometimes  iridescent,  giving  bright  green,  blue,  orange, 
and  dark  red  tints  (fire-marble). 

Calcareous  (Foraminiferal)  Ooze— -a  white  or  grey  calcareous  mud,  of  organic 
origin,  found  covering  vast  areas  of  the  floor  of  the  Atlantic  and  other  oceans,  and 
formed  mostly  of  the  remains  of  Foramimfera,  particularly  of  forms  of  the  genus 

^  The  student  will  lind  tlie  Address  from  which  these  citations  are  imuh*  full  of  suggestive 
matter  in  regard  to  the  origin  and  siihsequent  liistory  of  liriu'stoiies.  See  also  (lornish 
and  Kendall,  ‘‘On  the  Mineralogical  Constitution  of  Calcareous  Organisms,'^  already  cited, 
Geol  Mag.  1888,  p.  66;  Kendall,  Bril.  Assoc.  1896,  p.  789.  Mr.  Wethered  has  deHcribed 
the  minute  structure  of  a  uuiul)er  of  liruestoiies  ;  see,  for  e.vample,  his  paper  on  the  Wenlock 
Limestones,  Q.  J.  G-.  K  xlix.  (1893).  }>.  286.  The  Hirnaut  Limestone  has  been  dcscriluMi 
by  Mr.  Fulcher,  Gcol.  Mag.  189ii,  p.  114.  An  exhaustive  account  of  limestones,  cldefly 
from  the  point  of  view  of  their  use  hi  architecture  and  the  arts,  will  be  found  in  Mr. 
S.  M.  Burnham’s  ‘History  and  Uses  of  Limestones  and  Marbles,’  pj).  xv,,  392,  with  48 
coloured  reproductions  of  well-known  ornamental  stones. 

-  See  a “ Contribution  to  the  Naturrd  History  of  Marl,”  by  V.  A.  Hjivis,  Jnnra.  fjeol. 
viii.  (1900),’  pp.  485-497. 
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Chalk— a  white  soft  rock,  meagre  to  the  touch,  soiling  the  fingers,  formed  of  a  hue 
calcareous  flour  derived  from  the  remains  of  Forccriiiwifem,  echinoderms,  inollusks,  and 
other  marine  organisms.  By  making  thin  slices  of  the  rock  and  examining  them  under 
the  microscope,  Sorby  found  that  Foraminifera,  particularly  GlobigerCna,  and  single 
detached  cells  of  comparatively  shallow- water  forms,  probably  constitute  less  than  halt 
of  the  rock  by  bulk  (Fig.  21),  the  remainder  consisting  of  detached  prisms  of  the  outer 
calcareous  layer  of  IiioccTCLJiiuSj  fragments  of  OstTccc,  Bcctciij  ccliinodeims,  spicnlcs^ 
sponges,  kc.  A  microscopic  investigation  of  chalk  from  the  neighbourhood  of  Lihe 
showed 'that,  besides  the  usual  organic  constituents,  the  rock  contains  minute  grains 
and  crystals  of  quartz,  tourmaline,  zircon,  rutile,  garnet  and  felspars,^  these  minerals 
being  among  the  most  widely  diffused  and  j)ersistent  ingredients  in  the  finer  sediments 
that  are  derived  from  the  denudation  of  crystalline  rocks  (see  p.  163). 

Criiioidal  (Encrinite)  Limestone— a  rock  composed  in  great  [)art  of  crystalline 
joints  of  encrinites,  with  Fovcomijiifcvci,  corals  and  inollusks.  It  varies  in  colour  fiom 
white  or  pale  grey,  through  shades  of  bluish-grey  (sometimes  yellow  or  brown,  less 
commonly  red)  to  a  dark  grey  or  even  black  colour.  It  is  abundant  among  Paheozoic 
formations,  being  in  Western  Europe  especially  characteristic  of  the  lower  part  of  the 
Carboniferous  system. 

2.  Siliceous. — Silica  is  directly  eliminated  from  both  frcsli  and  salt  water  by  the 
vital  growth  of  plants  and  animals.  (Book  III.  Part  II.  Sect,  iii.) 

Diatom-earth,  Tripolite  (Infusorial  earth,  Kieselgulir) — a  siliceous  deposit  fonnod 
chiefly  of  the  frustules  of  diatoms,  laid  down  both  in  salt  and  in  fresh  water.  Wide 
areas  of  it  are  now  being  deposited  on  tlie  bed  of  the  South  Pacific  {/Hfttayji-oozGj  Fig. 
185).  In  Virginia,  United  States,  an  extensive  tract  occurs  covered  with  diatom-earth 
to  a  depth  of  40  feet.  The  same  substance  likewise  underlies  peat-mosses,  probably  as 
an  original  lake-deposit.  It  is  used  as  Tripoli  powder  for  i)olishing  purposes,  and  in 
the  manufacture  of  high  explosives  (p.  609). 

Radiolarian  ooze— a  pale  chalk-like  abysmal  marine  deposit  consisting  mainly  of 
the  remains  of  siliceous  radiolariaiis  and  diatoms.  It  is  further  referred  to  at  p.  624. 

Flint  (Silex,  Feiierstein) — a  grey  or  black,  excessively  compact  rock,  with  the  hard¬ 
ness  of  quartz  and  a  i>erfect  conchoidal  fracture,  its  .splinters  being  translucent  on  the 
edges.  It  consists  of  an  intimate  mixture  of  crystalline  insoluble  silica  and  of  amorphous 
silica  soluble  in  caustic  potass.  Its  dark  colour,  which  can  be  destroy(;d  by  heat,  arises 
chiefly  from  the  presence  of  carbonaceous  matter.  Flint  occurs  abundantly  as  nodules, 
dispersed  in  layers  through  the  Upper  Chalk  of  England  and  the  north-west  of  Europe, 
likewise  in  Jurassic  limestones  in  the  south  of  England.  It  frequently  encloses 
organisms  such  as  sponges,  echini  and  bracliiojjods.  It  lias  been  deposited  from  either 
salt  or  fresh  water,  at  first  through  organic  agency,  and  subsequently  by  chemical  pre¬ 
cipitation  round  the  already  deposited  silica.  (Book  III.  Part  IL  Beet,  iii.)  Thus, 
in  some  cases,  as  in  the  spicules  of  sponges,  the  silica  has  had  a  directly  organic  origin, 
having  been  secreted  from  sea- water  by  the  living  organisms.  In  otlier  (sasos,  where,  for 
example,  we  find  a  calcareous  shell,  or  echinus,  or  coral  converted  into  silica,  it  would 
seem  that  the  substitution  of  silica  for  calcium-carbonate  has  been  ellected  by  a  procoss 
of  chemical  i)seiidomorpliism,  either  after  or  during  the  formation  of  the  limestone. 

in  the  present  volume.  Dupont  has  shown  that  many  of  the  massive  limcHtones  of  Belgium 
have  been  formed  by  reef-like  masses  of  Htroniatopora  or  allied  organi.srns. 

^  L.  Cayeux,  Ann,  ISoc.  Qeol.  Nt/rd.  xvii.  (1890),  p.  283.  This  geologist  lias  since  i)ub“ 
lished  a  detailed  account  of  the  minute  structure  and  composition  of  the  (!halk  and  other 
Cretaceous  deposits  of  France  in  his  large  4to  volume,  cite<l  on  p.  106,  To  tin*,  minerals 
above  mentioned  as  having  been  detected  in  the  Chalk  there  liave  since  heen  addtsl 
magnetite,  muscovite,  both  orthoclase  and  plagioclase,  anatase,  hrooldte,  chlorite,  stauro- 
tide,  garnet,  apatite,  corundum,  and  ilmenite  {op,  dt  p.  257).  Bee  also  Messrs,  dukes 
Browne  and  Hill  on  Chalk,  Q,  J.  G,  S.  xlii,  p.  216 ;  xliii.  p.  544  ;  xlv.  p.  4013. 
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Among tliese  may  he  mentioned  the*  hniehi«»poil.s  iiml  j.;  *1, 

Xerjpu/U(\%  and  some  re*eeii1  and  (b.HHil  erustaea'a.  1*110  •^hell  of  tlir  i*  ■«  at  ♦.  •  1 

was  founel  by  Hunt  te>  eontain,  after  eideinatieni.  Ill  |»»  1  «•*  nl  of  Pol  o 
eonsisied  of  85 ’70  pe*r  cent  of  j»liospliate  of  lime*,  11-75  e.ithoniir  of  *0011.  lud 
magnesia.  1'he  hones  of  V(‘rt<'!»rat<'  antmal.H  Hki*wi>i  eoiiiaifi  jhoui  pu  » »  nf  nf 
phosphate  of  Him*,  while  their  e*\ere*ment  seniietitne*-^  ahoiiiol-i  m  iio»  'od- 

Hence  deposits  rich  in  [ihosphate  ed  lime  haui  le'hullMl  lr*«iis  lie  es  iiijOilitfoo  r.f  Minud 
reinaiiiH  from  at  h’lisl  Candirian  tinu'S  up*te>  the  pieseni  In  fin  I'.unffi  i.tji 

strata  of  Ne'W  Brunswick  plnisphiitie*  muinleH  ai«*  agyiegaptf  *  fn*!  no#  yii  i' h 

thick  and  are^  also  Heatt<*red  through  Hu*  aeljeiining  siyi«hte*fir'^-.  TIo  ^  it*'  f  ioiid*'d  with 
tests  of  protei/oa  (toraminifera,  npoiigesg  anel  ee.ntain  ahoiii  15  p«  f  »«  n!  of  pho  phfii*  m 
Other  iiodulch  in  the  sanu!  formation  are  mad4'  up  of  i oiii!iii!i!|f-  4 
with  the  Bala  liniestone*,  in  the  Lower  Hilmhifi  neues  of  Xoitli  Walt  r.  4  h;ii,d  1 
of  concretions  e.emented  in  a  black,  gniphilie*.  jiliglitl)  .iiol  » oifi.iin 

ing  usually  tH  per  cent  of  phosphate  of  lime  |»li«e#|»ltof  if»-  .  •  1  he  tr.,i  *,i  il^f  !fi|oio?»v 

and  other  organisniH  among  the*  (’iimhriaii  loe-liH  of  Whde^  alw#  pl-aP  *4  i»iir 

sometimes  to  the  extent  of  20  per  cent.*'  A  elieinir:ii  i!nii‘4#a  lo.itmn  til*'  phe  »  1y 
which  the  calcan*e)us  matter  of  organinm-,  Hlifllfi,  av.  h  ir|*54>»e  I4’  t.ih'isifn. 

phosphate.  This  proccHs  (pliohp!mti«itioiii  will  he  more  fiiily  iioitfcd  m  ItoNlI  |||  ihip- 
11.  Scot.  iii.  ^  d.  Idiosphatie,  though  eeu’taiiily  fiii  iiifetieii  in  *  and 
to  calcareous,  anel  ewam  to  siliceoUM,  tfirmatiiiisK,  are  ofieii  tit  ih  sniifttai 

as  well  as  ot  eonsiderahh'  ecomirnit*  importiiiiee,  Tli*'  tcilliiiiiiiig  sTii|i|« nop,  .0 

illustrations.  (Hetok  III.  Fart  II.  S**ct.  iii. 


^  On  forniatiou  of  e*halkdlint.H,  .M«e  Bor»k  III.  Fart  11.  m.  f-;  5. 

(’oiiHult  Hull  ami  Hardiuau.  Ti'nita,  /5o/.  ,  1,  p  in  i,  »ff|,  H"'* 

Acad.  Itojf.  Jklgiqae,  ‘iml  sen*.  v<»I.  \lvi.  p.  I7L  HoIIjp,  JA# /.  Avo,  //,  p  i,?.  ill'll  h  y 

141.  /Vw.  Hoif.  Duhiin  Sh\  vi.  {imi),  Fait  I.  f».  J,  lliioh',  h  |^*i.  | 

435  j  18«SH,  p.  241  ( Pernio- C 'arboniferoii H  elieiir.  c,!  Hpit/i*rr|frn  .  L.  «i  ‘Ln.)  oi4 1 
and  Carhomferou.H  cherts  In  Mi.ji»mri,  Amr,\  Si  diiit.  ^^01  ,  p.  lOi.  It, ad  d 

radiolarian  chert  occupy  iHT-^isteiit  he»rl/.oii.H  j  #  l.>t  »4  Konllini 

Scotland,  ami  have  l»een  nmt  with  in  ofhrr  of  Unto?  *lf  .or  y. 14*111  if  ,| 

serie.s. 

^  Bterry  Hunt,  Az/ica  ***&«•.  xvij,  ,  11.  Lo -.o,  i ♦» *4  r^i -ol  ' 

1863,  p.  461. 


VV.  I).  .Matthew,  Tnni.x  A^-c*  IS'L  S'*.  \k.  liKI.H,  p 

"  D.  iX  Havies,  Q.  J,  a,  s.  xxxl  (1875),  p.  357.  11^75,  p|,  b>,  25?*  , 

1877,  p.  257.  A  good  iu*ce»«nt  of  the  pke^phath:  depo^^f »  of  .\ortii  AiiiM}.  4  and 
by  E.  A.  K.  Penrose,  jiinr.,  will  }«-  found  In  !Utd.  jM,.  ‘Id  T.  i*\  S.  ,  mtili  4  1,||4|<| 

graphy  of  the  sul.jeH.  <!.  W.  Haye,.,  17//.  Jwe.  /5/,.  65  A.  1/  itiif  .  ;/4  4,#,.. 

U.  8,  O,  8,  Part  iii.  (t.  H.  Khiridne.  IIim  plifif,  m  rh.yidi,  J,#f. ii 

Min,  Em  fin.  18P2. 


^  Hieks,  ix  J.  (X  8,  xx.\i  p.  3ijs, 
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Gruano — a  deposit  consisting  mainly  of  the  droppings  of  sea-fowl,  formed  on  islands 
in  rainless  tracts  off  the  western  coasts  of  South  America  and  of  Africa.  It  is  a  brown, 
light,  powdery  substance  with  a  peculiar  ammoniacal  odour,  and  occurs  in  deposits  some¬ 
times  more  than  100  feet  thick.  By  long  exposure  to  rain  or  sea- water  the  soluble  con¬ 
stituents  are  removed,  and  a  mass  of  material,  insoluble  or  almost  insoluble  in  water,  is 
left  behind,  varying  from  the  consistency  of  loose  powder  to  that  of  a  hard  compact  stone. 
Hence  the  substance  has  been  divided  for  commercial  })urposes  into  soluble  guano  and 
leaehe.il  guano.  Analyses  of  American  guano  give — combustible  organic  matter  and 
acids,  11 ‘3;  ammonia  (carbonate,  urate,  &c.),  31*7;  fixed  alkaline  salts,  sulphates, 
phosphates,  chlorides,  &c.,  8*1  ;  phosphates  of  lime  and  magnesia,  22*5  ;  oxalate  of  lime, 
*2*6;  sand  and  earthy  matter,  1*6  ;  water,  22*2.  This  remarkable  substance  is  highly 
valuable  as  a  source  of  artifical  manure.s.  (Book  III.  Part  II.  Sect.  iii.  §  3.) 

Bone-Breccia — a  deposit  consisting  largely  of  fragmentary  bones  of  living  or  ejctinct 
species  of  vertebrates,  especially  mammalia,  found  sometimes  under  stalagmite  on  the 
floors  of  limestone  caverns,  more  or  less  mixed  with  earth,  sand  or  lime.  In  some  older 
geological  formations,  bone -beds  occur,  formed  largely  of  the  remains  of  reptiles  or 
fi.slies,  as  the  ‘‘Lias  hone-bed”  and  the  “Ludlow  bone-bed.” 

Coprolitic  nodules  and  beds  ^ — are  formed  of  the  accumulated  excrement  (coprolites) 
of  vertebrated  animals.  Among  the  Carboniferous  shales  of  the  basin  of  the  Firth  of 
Forth,  coprolitic  nodule.s  are  abundant,  together  with  the  bones  and  scales  of  the  larger 
ganoid  fishes  which  voided  them  :  abundance  of  broken  scales  and  bones  of  the  smaller 
ganoids  can  usually  be  observed  in  the  coprolites.  Among  the  Lower  Silurian  rocks  of' 
Canada,  numerous  pbosphatic  nodules,  supposed  to  he  of  coprolitic  origin,  occur.-  The 
phospbatie  beds  of  the  Cambridgeshire  Cretaceous  rocks  have  been  largely  worked  as  a 
source  of  artificial  manure.  In  popular  and  especially  commercial  usage,  the  word 
“coprolitic”  is  applied  to  nodular  deposits  which  can  be  worked  for  phosphate  of  lime, 
though  they  may  contain  few  or  no  true  coprolites. 

Phospbatie  Chalk. — In  the  Chalk  of  France  and  Belgium,  more  sparingly  in  that  of 
England,  certain  layers  occur  where  the  original  calcareous  matter  has  been  replaced  to 
a  considerable  extent  by  phosphate  of  lime.  Such  bands  liave  frequently  a  brownish 
tint,  which  on  examination  is  found  to  result  from  the  abundance  of  minute  brown 
grains  composed  mainly  of  pbospbates.  By  the  process  of  phos])hatisation  above  referred 
to,  the  foraminifera  and  other  minuter  or  fragmentary  fo.ssils  liave  been  changed  into  this 
brown  substance.  The  proportion  of  phosphate  of  lime  ranges  up  to  45  per  cent  or  more.® 

4.  Glauconitic. — 21  any  sandstones  and  other  sedimentary  dtq>osits  have  a  greenish 
colour  from  the  presence  of  abundant  glauconite,  which  coats  their  grains  and  is 
dispersed  in  irregular  nodules,  veins  and  partings  (glaiiconitisation).  As  already 
remarked,  tins  substance  is  found  filling  the  chambers  of  recent  polythalamia  oflT  the 
coasts  of  Florida,  and  abundantly  diffused  over  certain  parts  of  the  .sea-fiooj*,  especially 
in  the  green  muds.  In  the  stratified  formations  of  the  earth’.s  crust  many  examjdes  of 
similar  deposition  have  been  observed.  In  the  Cambrian  system  of  New  Brunswick 
abundant  grains  of  glauconite  occur  associated  with  foraminifera  and  with  some 
phosphate  oflime.^  The  Secondary  and  Tertiary  formations  likewise  include  excellent 
illustrations  of  glauconitic  deposits.  The  Cretaceous  members  knowm  as  the  Lower  and 
Upper  Greensand  of  England  owe  their  colour  to  the  lu'esence  of  the  .same  green  mineral. 
(Book  III.  Part  11.  Sect.  iii.  §  3.) 

5.  Carbonaceous. — The  formations  here  included  have  almost  always  resulted  from 
the  decay  and  entombment  of  vegetation  on  the  spot  where  it  grew,  sometimes  by  the 

^  On  the  origin  of  pbosphatic  nodules  and  beds,  see  Gnmer,  JL  S.  (L  F.  xxviii.  (2iid  scr.), 
p.  62.  Martin,  cit.  iii.  (3rd  ser.),  p.  273.  -  Logan’s  ‘Geology  of  Canada,’  p.  461. 

®  See  A.  Benard  and  J.  Cornet,  Ball.  Acad.  Jloi/.  Belgique^  xxi.  (1891),  p.  126.  A. 
Strahan,  Q.  J.  G.  S.  xlvii.  (1891),  and  the  papers  cited  in  Book  III.  Part  JI.  Sect.  iii.  §  3. 

^  W.  J).  Matthew,  Trans.  Keiu  Yorh  Acad.  Set.  xii.  (1893),  p.  111. 
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^  »  »ff  \  '  *>  I  I  :  i\l  I 

(lriftin;(  of  tJi<*  jiliiiiiN  i>>  »  4  ’i  ’i,‘  ?<  .'  >.■  I,-  ..  Ill 

I’art  IL  iii.  ?  '  In  lii<*  I  i  *i‘  lii*'.  14***  >  ^  •  jit: 'j.  ■  I 

W)  an  to  pasH  iiitn  rai  I'M!!  j  r' 

niauily  supplitii  animal  r*  m  iii^h. 

Peat  (Toiiri»«%  Tnif*  n  iM  »  -i-  ■  .  i  •< 

altered,  Idund  throiiideej!  *  !  w,  .'*»  .  >  *  ^  ‘  i'*'.  ^  .  t  ,  <  *<. 

audcltTay.  It  varies  f  nay  a  |uif  »  i  t  i-»r  ’  <  ^  m  *  .  <  i  .  , -  •* 

liay,  ill  which  !lie  .n  li  '  i  i  ;  -  ^  \  '  ./•  i 

of  iiierefwin;^ noli«lit,V  Juml  •  .*  ly  .»  i  *  <  ,  t  :  «>  m  ^  ,  ■■  • -j  •  -  ^ 

or  hhick  material,  iieirnili|iiii,f  I4'n  L  h)  rli  >  i  .  ,  i 

dried.  Tim  imture  aiitl  |a«»|5ta  I  ;fMi  <  ^  il  I*  <  ^  M  ‘  ^ 

at  100  (4,  are  illiiHtiat*  d  |e,  |  h.  a  n  iU  .  ^  ^  1:  *  ’  i  ^  ' 


d0*4Hj;  hj(lroyn<!i,  iJitI  ;  ’1/  >!-"  •  '*  ;  s  ■  *  ,  '  I  < 

i«  ahvayK  a  large  f*!o|*oif  mn  of  w.itm  ’/hpli  >  ^  ^  •  r  ^  ?!  ■  -  .  .  *  ■  e  "  ;  ^ 

In  the  mimufaefiiifM.f  et»in|*!e .  *  I  |-  .*!  |.  i  f'  .  ’  .  i.  ■/  ,,  *  ;  ,,  ••  « 

the  Vfilue  of  t  he  |»eat  4  i  '  <1  w;*i;  r  »>  ’  --  <>,'  ,  .  e,  ,  ,  -43, 

extent  hy  cdi<ip|ting  tie  -  j  -  *  4  •!  n  .  •  4  ^  * 


(•vaponitioii.  Tim  ;edi  vaii»  m  !,?4is  'i ;  ^  i  -  *t  :,  *  )  t!  4  I  * 

and  eonsiht'N  of  .4iiid,  *'lay.  Imr^'  **  ee.  \,'|l’  j  4  ;  s  ...  >%  j 

soda,  jiotimli  and  iiiisgu*’ .ni.  I'ii'O  .  .i  e.<  e  i  |h  '  ^  ,*!  *  >  t.' ^ 

into  ii  hard,  hhiek,  hiilJj.inl  iih  f.i...  •  !  '*  .  z*!.!  ’  U  •  .  i  ^  ,  i.  * 

ing  no  truce  of  orgaine  Mtrie  ini* . 

Lignita  iBrowa  CoaL  •  .  «  4’  .  >  ^  -.n  •• 

vegetiihle  inatieu  oft*  11  ofaimse/  4  *i  ,z  I;.  '''  1  %  j,i  ,  ^ 

w’OimIj  filire  eroHhing  I'indi  o^li*'.  o,  ‘o!  ^  4  -  i  r-  , 

to  de«*}i  hl'ottii  or  Id.i*  I  ,  >'010*  h  4  n  •  n  ^  f  *  .  4  f  **  .> 

lirnn’n  l>y  wlii»li  jf  i  oft*  li  1  leTiU'  fi  <  i-**  r  f'  u  *,  ^  ‘*  . .  ’f  .  #  .  >  >  u 

has  a  s{KM*Iti('  grfivit)  *4  O'h  i  I,  ’  ■  /  n  ^ . 

a  itroiig  huriit  «iiiell.  If  o  t  hi  -  jy  !>»  o  .-),,»  f ^  ^  f.  <,  . 

<liti<»nii  hitnilar  to  ihti'.t  in  v,  he  h  “  tl  m  1^' .n  o  m  ■  |‘i  <  .  * 

a«  a  fitiige  in  tliiJ  iilfi  irtliiai  aii4  imiei.ih  .dee.i  1  m  !  1  -  ,  u  <  ,  ,4-  1  .  !  4. 

jieat  and  t  rue  eoiil.  Inllef«iil  ^4  I  ynni  i4ft'.  4,  .<*(  ,  .  i  >  n 

their  |ieetiliiirifie*4,  ^te  It  a*  <  0  .  ,  i  r  ,,  .  i  ,  ,  1,  s  , 

Hurtiirhrand  of  Ireland  and  Ih*  I'lin**  |  mahO'  ^  s  i  *  -  .  >  i 

in  seanw  interefilatid  amour  th*  v  m  1  ^  o  i  j  .,-4/  i  n  »•  , 

ineluding  «oii4f  lifm I,  glo  -y 'rjil  <1  y»'  ?  I  lo  >  iir  '  >>  "  m  ^  3^,, 

»erie«  in  the  went  of  HeoSliiial  .ilid  rrolt  *.t  I's  , 

Coal  ii  eoni|»imf,  .4  .u.ilk*  hulk*,  iMi«!  U  ^  ,  *  o  *  .m  .  ,  ;  ,  .  , 

wiinetimes  hrowni»4i  in’ic,  vaih  .1  ^?di  s  ,^<1  s  t  ?  4,  ,  .  ^  ..  j  ,(  j  !  r  4 

diiitinetly  eiibieiil  *  leav.jio .  Ill  <i!h*  ^  •,  ^  If  n.  **  > 

per  cent  of  earl  »oiy  to  *,fh  of  to  h  .1  0,  I,  f  .  1  '  j  »  i  f  . 

I  ,lo  .‘10  of  ledi,  with  fir«|i3*nfly  4  HMiisii  \  'd  y.;.,  Z'  P>  -h',  .M  f..v  .  4  I 

iron^lktiljiliide.  It  ha .  :i  't  I  I  *,  4  ^  .  -  '  1  ^ 

rmtlinen^,  giving  a  fl.uu*  4  '4k  ■  '.y  n  •  .0  -  » 

fiiiiiig  mid  caking  into  mild#  I,  oli4‘r  ^  <  mo  !  .  ,  i 

it  ncmwMt>^  of  e«iin|irrhM d  myiedifij.  1.44!  s  <  .4  >1/  .  ^  1  .t  ,  j  ' 

^  For  of  vario'i  p.jf-  tn*- .  im,,  ,  ^  ^  y.  •,  .  /i  .  j 

Widwky,  ./fooa/. /he//.  # •,<«,  j.  > 

Hi‘eB«‘rirtd‘Ht|iHi|  Mafi*  |» /fh  k  .  1.4  I  r,.-  "  ■  a  ■  3  y;<  .?  ,<  1 

‘  IJeher  Torf  iinclly.pnh  rif ; /mirij.  a.  me..  4%  ■  4,  »  ^  ,1  ,  ,  ,  , 

^  Hpritig* /le//.  jMff/.  ||,h  iiy  ,  .0  m; 

*  ttn  tlii' liitliiem  t' «4  ^  ^  ^ 

May  1870.  Spiing,  i#/ i  if 
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An  attentive  examination,  however,  will  often  disclose  portions  of  stems,  leaves,  &c., 
or  at  least  of  carbonised  woody  fibre.  Some  hinds  are  almost  wholly  made  np  of  the 
spore-cases  of  lycopodiaceous  plants  (Fig.  24).  There  is  reason  to  believe  that  different 
varieties  of  coal  may  have  arisen  from,  original  diversities  in  the  nature  of  the  vegetation 
out  of  which  they  were  formed.  Yarioiis  types  are  recognised  as  caking  coal,  non- 


Fig.  ‘J4. — Microscopic  Structure  of  Dalkeith  Coal,  showing  Lyco})odiuceous  Si»oraiigia 
(magnified  iJOO  Diameters). 

caking  coal,  cannel  (or  parrot)  coal,  jet.  The  accompanying  table  shows  the  chemical 
gradation  between  unaltered  vegetation  and  the  more  highly  mineralised  forms  of  coal. 

Table  showing  the  gradual  Change  in  Comrokition  from  Wood  to  Charcoal.  • 


.Substance. 

Carbon. 

Hydrogen, 

Ovygt'ii, 

— 

- -  -  - -  - 

- - 

— 

_ 

1. 

Wood  (mean  of  several  analy.ses)  .  ' 

100 

12TS 

S8-07 

2. 

Peat  (  ,,  ,,  ,,  )  . 

100  ! 

9*85  i 

!  r>:V67 

3. 

Lignite  (mean  of  15  varieties) 

100  , 

8*37  . 

42*42 

4. 

Ten-yard  coal  of  S.  Staffordshire  ] 
basin 

100  ' 

6T2 

21*23 

5. 

Steam  coal  from  the  Tyne  . 

100 

ri-9i 

18*82 

6. 

Pentrefelin  coal  of  S.  Wales  , 

100 

4*70 

0*28 

7. 

Anthracite  from  Pennsylvania,  U.S. 

100 

2*84 

1*74 

Disposable  Hydro- 
giiti,  Lr.,  over  and 
above  wliat  is  re- 
[(iiired  to  form  water 


1-80 

2*89 

8-07 

8*47 

8-62 

4-09 

2-68 


Coal  occurs  in  seams  or  beds  intercalated  between  strata  of  sandstone,  shale,  fireclay, 
&c.,  in  geological  formations  of  Paheozoic,  Secondary,  and  Tertiary  age.  It  should  be 
remembered  that  the  word  coal  is  rather  a  popular  than  a  scientiHe  term,  being 
indiscriminately  applied  to  any  dense,  black  mineral  substance  capable  of  being 
used  as  fuel.  Strictly  employed,  it  ought  only  to  be  used  with  reference  to  beds  of 
fossilised  vegetation,  the  result  either  of  the  growth  of  plants  on  the  spot  or  of  the 
drifting  of  them  thither. 

The  following  analy.ses  show  the  chemical  composition  of  peat,  lignite,  and  .some  of 
the  principal  varieties  of  coal-: — 


^  Percy’s  ‘^Metallurgy,’  i.  p.  268. 

-  From  Percy’s  ‘  Metallurgy,’  vol.  i.  A  Committee  was  appointed  by  the  British  Associa¬ 
tion  some  years  ago  to  ascertain  the  proximate  chemical  constituents  of  coal,  and  has  briefly 
reported  in  the  B.  A.  for  1894,  p.  246,  and  for  1896,  p.  340.  On  tlie  process  of  the 
conversion  of  vegetable  remains  into  lignite  and  coal,  see  Book  Xlf.  Part  II.  Beet.  iii.  ^  8. 
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These  analyses  are  exclusive  of  water,  which  iii  the  peat  amounted  to  25*58,  and  in 
the  lignite  to  31*66  per  cent. 

Anthracite — the  most  highly  mineralised  form  of  vegetation— is  an  iron-bhuik  to 
velvet-black  substance,  with  a  strong  metalloidal  to  vitreous  lustre,  hard  and  brittle, 
containing  over  90  per  cent  of  carbon,  with  a  specific  gravity  of  1*35  1*7.  It  kindles 
with  difficulty,  and  in  a  strong  draught  'bums  without  fusing,  smoking,  or  smelling, 
hut  giving  out  a  great  heat.  It  is  a  coal  from  which  the  bituminous  parts  have  been 
eliminated.  It  occurs  in  beds  like  ordinary  coal,  but  in  positions  whore  pro])ably  it  has 
been  subjected  to  some  change  whereby  its  volatile  constituents  have  been  exixdled.  It 
is  found  largely  in  South  Wales,  and  sparingly  in  the  Scottish  coal-fields,  whore  the 
ordinary  coal-seams  have  been  approached  by  intrusive  masses  of  igiieons  rock.  It  is 
largely  developed  in  the  great  coal-field  of  Pennsylvania.^  Some  Lower  Silurian  shales 
are  black  from  diflfused  anthracite,  and  have  in  consequence  led  to  fruitless  Hcarehos  for  coal. 

Oil-shale  {Brandschiefer) — shale  containing  such  a  pro]»ortion  of  liyclrocarbons  a« 
to  be  capable  of  yielding  mineral  oil  on  slow  distillation.  Tliis  sub.stance  occurs  as 
ordinary  shales  do,  in  layers  or  beds,  interstratified  with  otlier  aqueous  d6]:>0Hite,  as  in 
the  Scottish  coal-fields.  It  is  there  in  a  geological  sense  true  shale,  and  (»we«  its 
peculiarity  to  the  quantity  of  vegetable  (or  animal)  matter  wliich  lias  bpen  preserved 
among  its  inorganic  constituents.  It  consists  of  fissile  argilJaceouH  Jayern,  highly 
impregnated  with  bituminous  matter,  passing  on  one  side  into  common  Hliahi,  on  the 
other  into  cannel  or  parrot  coal.  The  richer  varieties  yield  from  30  to  40  gallona  of 
crude  oil  to  the  ton  of  shale.  They  may  be  distinguished  from  non -bituminous  or 
feebly  bituminous  shales  (throughout  the  shale  districts  of  Scotland),  by  the  ]>eculiarity 
that  a  thin  paring  ciii'ls  up  in  front  of  the  knife,  and  shows  a  brown  Instrous  streak* 
tsonie  of  the  oil-shales  in  the  Lothians  are  crowded  with  the  valves  of  ostracod  crustaceans, 
besides  scales,  coproHtes,  &c.,  of  ganoid  fishes.  The  bituminous  matter  lias  probably 
been  derived  from  a  pulpy  mass  of  decayed  vegetation,  consisting  probably  in  large  part 
of  alg^e  and  other  simple  forms,  though  the  animal  remains  are  sometimoH  so  a})imdaiit 
as  to  suggest  that  they  may  have  to  some  considerable  extent  contributed  to  the 
carbonaceous  constituents  of  the  original  mud.  One  of  the  most  famous  of  the  oil- 
producing  seams  in  the  Scottish  coal-field  was  the  now  exhausted  seam  of  Boghead, 
which  has  been  claimed  by  some  geologists  as  a  variety  of  cannel  coal,  by  othcra  m 
a  bituminous  shale  or  mud-stone.^  It  has  given  its  name  to  a  type  of  oil-bearing 

^  ^  ^  On  the  classification  and  composition  of  the  Pennsylvania  Anthracites,  see  C.  A .  Ashbumer, 
Science,  14th  March  1884.  Amer.  Inst  Aim,  Eng  in.,  February  1886.  On  tlieir  origin 
J,  J.  Stevenson,  Journ.  QeoL  i.  (1893),  p.  677.  ’ 

-  C.  E.  Bertrand  and  B.  Renault,  Ann.  Sac.  (Uni.  Eunl.  xx.  (1892),  pp.  213-259; 
read,  cxvii.  (1893),  p.  593  ;  C.  E.  Bertrand,  Bidl.  Soc.  Mist.  Nat.  Avian,  ix.  (1896)  • 
Campt  rend.  Comjrh.  fJeoL,  Paris  (1900),  p.  458.  See  al.sn  the  late  Profes.sor  J.  S.  Newberry 
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minerals  wliich.  are  known  as  Bogheads,”  and  appear  to  have  been  formed  mainly  of 
algin.  Among  these  is  Torbanite,  wliich  really  is  the  original  Boghead  seam  mined  at 
Torbanehill,  Bathgate,  Linlithgowshire  ;  and  kerosene  shale,  a  variety  from  Mew  South 
Wales,  which  has  been  found  by  M.  C.  E.  Bertrand  to  consist  of  a  fundamental  clear 
brown  flocculent  jelly-like  base,  crowded  with  minute  rounded  bodies,  together  with 
spores,  grains  of  pollen,  algcc,  and  debris  of  other  vegetation.  Boghead”  is  worked 
in  the  Autun  coal-held  of  France.  Some  of  the  flagstones  of  the  Old  Red  Sandstone 
of  the  north  of  Scotland  are  highly  bituminous,  likewise  the  Kimmeridge  clay  in  the 
Jurassic  series  of  the  south  of  England.  Under  the  name  ‘  ‘  pyroschists  ”  Sterry  Hunt 
classed  the  clays  or  shales  (of  all  geological  ages)  which  are  hydrocarbonaceous,  and 
yield  by  distillation  volatile  hydrocarbons,  inflammable  gas,  &c. 

Petroleum,  a  general  term,  under  which  is  included  a  series  of  natural  mineral  oils.^ 
These  are  fluid  hydrocarbon  compounds,  varying  from  a  thin,  colourless,  watery  liquidity 
to  a  black,  opaque,  tar-like  viscidity,  and  in  specific  gravity  from  0*8  to  1  *1.  The  paler, 
more  limpid  varieties  are  generally  called  naphtha,  the  darker,  more  viscid  kinds 
mineral  tar,  while  the  name  petroleum,  or  rock-oil,  has  been  more  generally  applied 
to  the  intermediate  kinds.  Petroleum  occurs  sparingly  in  Europe.  A  few^  localities 
for  it  are  known  in  Britain.  It  is  found  abundantly  along  the  country  stretching  from 
the  Carpathians,  through  Gallicia  and  Moldavia;  at  Baku  on  the  Casjuan,^  and  in  the 
so-called  oil-regions  of  Morth  America,  particularly  in  Western  Canada  and  Northern 
Pennsylvania,  where  vast  quantities  of  it  have  been  obtained.  In  Pennsylvania  it  is 
found  especially  in  certain  porous  beds  of  sandstone  or  “sand-rocks,”  wliich  occur  as 
low  down  as  the  Old  Red  Sandstone,  or  even  as  the  top  of  the  Silurian  system.  In 
Canada  it  is  largely  present  in  still  lower  strata.  Its  origin  in  these  ancient  formations, 
where  it  cannot  he  satisfactorily  connected  with  any  destructive  distillation  of  coal,  is 
further 'referred  to  at  pp.  86,  318,  357. 

Reference  may  here  be  made  to  the  abundant  discharge  of  gaseous  hydrocarbons  at 
the  places  where  petroleum  is  abundant.  From  a  remote  period  the  natural  gas  has 
been  made  use  of  by  fire-worshippers,  as  at  the  still-preserved  temple  with  its  tower 
and  escaping  gas  near  Baku.  So  copious  is  the  supply  of  gas  in  Pennsylvania  that  it  is 
employed  to  light  towns,  and  for  various  industrial  purposes.  The  natural  hydrocarbons 
have  been  divided  into — 1st,  Bituminous,  with  inarsli-gas  and  natural  gas  at  tlie  one  end 
and  intermediate  kinds,  fluid  (najditha,  petroleum),  viscous  (mineral  tar),  and  elastic 
(elaterite)  to  solid  substances  at  the  other,  with  anthracite  to  finish  the  list ;  2nd, 
Resinous  (amber,  &c.);  3rd,  Gerous  (ozocerite,  liatchettitc) ;  and  4th,  Crystalline 
(flchtolite,  hartite,  &c.  ).•' 

Amber — a  fossil  resin,  found  in  pieces  of  irregular  shape  in  various  Tertiary  and  post- 
Tertiary  deposits.  Large  qirantities  of  it  are  washed  ashore  from  submarine  formations 
under  the  Baltic,  and  also  on  the  east  coast  of  England.  Insects  have  often  been  perfectly 
preserved  in  this  substance. 

on  the  origin  of  tlie  carbonaceous  matter  in  hituiniiious  shales,  Anoi.  Neic  Voi'k  Acad,  Sci. 
ii.  No.  12  (1883). 

^  The  most  comprehensive  English  work  on  this  substance  is  ‘Petroleum,’  by  Mr.  B. 
Redwood,  ill  two  vols.  of  900  pages,  London,  Griffith  and  Co.,  1896.  Tliere  are  likewise  a 
small  work  by  R.  N.  Boyd,  ^Petroleum,  its  Development  and  Uses,’  pp.  85,  London,  1896  ; 
•Le  Petrole,  I’Asphalte  et  le  Bitume  an  point  de  vue  geologiqne,’  A.  Jaccard,  pp.  292,  Paris, 
1896.  See  also  E.  Orton,  ‘‘Geological  Probabilities  as  to  Petroleum,”  i?.  Autcr.  Oeol.  Soc. 
i.v.  (1897),  p.  85.  C.  Ochsenius,  “  Erdolbilduiig,”  D.  G.  O.  xlviii.  (1896),  pp.  239,  685. 

-  Abich,  Jahch.  GeoL  RcicJimmL  xxix.  (1879),  p.  165.  Traiitschold,  I).  (J.  U.  xxvi. 
(1S74),  p.  257.  8eei;os^m,  Book  111.  Part  T.  Sect  i.  4?  2,  i>.  317,  wliere  otlier  authorities 
are  cited. 

Tntna.  Amcr.  Inst.  Min.  Bay  in.  xviii.  p.  582.  G.  H.  Eldridge,  17  th  Ann.  Rcjk  U.  B. 
Gcoi.  Snrr.  (1896),  p.  916. 
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Asphalt — a  smootli,  brittle,  pitch-like,  black  or  browiiisli- black  mineral,  having  a 
resinous  lustre  and  eonchoidal  fracture,  streak  paler  than  surface  of  fracture,  and 
specific  gravity  of  I’O  to  1*68.  It  melts  at  about  the  temperature  of  boiling  ^\*ater, 
and  can  be  ea»sily  kindled,  burning  with  a  bituminous  odour  and  a  bright  but  srnok v 
flame.  It  is  composed  chiefly  of  hydrocarbons,  with  a  variable  admixture  of  osj^geii  and 
nitrogen.  It  occurs  sometimes  in  association  with  petroleum,  of  which  it  may  be 
considered  a  hardened  oxidized  form,  sometimes  as  an  imiwegnation  filling  the  pores  or 
chinks  of  rocks,  sometimes  in  independent  beds.  In.  Britain  it  appears  as  a  product  of 
the  destructive  distillation  of  coals  and  carbonaceous  shales  by  intrusive  igneous  rocks, 
as  at  Binny  Quarry,  Linlithgowshire,  but  also  in  a  number  of  places  where  its  origin  is 
not  evident,  as  in  the  Cornish  and  Derbyshire  mining  districts,  and  among  the  dark 
flagstones  of  Caithness  and  Orkney,  which  are  laden  w'ith  fossil  fishes.  A.t  Seyssel 
(Departement  de  TAin)  it  forms  a  deposit  2500  feet  long  and  800  feet  broad,  which 
yields  1500  tons  annually.  It  exirdes  in  a  liquid  form  from  the  ground  round  the 
borders  of  the  Dead  Sea.  In  Trinidad  it  forms  a  lake  mile  in  circumference,  which 
is  cool  and  solid  near  the  shore,  but  increases  in  temperature  and  softness  towards  the 
centre.  Uintaite  is  the  name  given  to  a  brilliant  black,  brittle,  tar-like  variety  of 
asphalt  which,  with  its  allied  hydrocarbons,  Wurtzilite,  Elaterite,  Ozocerite,  and  Maltha, 
is  spread  over  a  wide  area  in  Eastern  Utah,  vhere  it  occurs  as  veins  in  sandstones,  shales, 
and  limestones,  having  evidently  risen  from  below  under  considerable  pressure  so  as  to 
fill  cracks  in  the  strata  and  impregnate  their  substance.^ 

Graphite. — This  mineral  occurs  in  masses  of  sufficient  size  and  importance  to  deserve 
a  place  in  tbe  enumeration  of  carbonaceous  rocks.  Its  mineralogical  characters  have 
already  (p.  92)  been  given.  It  occurs  in  distinct  lenticular  beds,  and  also  diffused  in 
minute  scales,  through  slates,  schists,  and  limestones  of  the  older  geological  formations, 
as  in  Cumberland,  Scotland,  Canada,  and  Bohemia.  In  branching  veins  through 
granulites  and  other  igneous  rocks,  it  forms  the  most  important  mineral  product  of 
Ceylon.-  The  mode  of  origin  of  this  rock  is  somewhat  obscure.  In  certain  eases,  as 
where  it  has  been  found  at  ISTew  Cumnock  in  Ayrshire  to  have  resulted  from  the 
intrusion  of  basalt  into  a  coal-seam,  it  has  obviously  been  formed  from  the  alteration 
of  vegetable  material.  But  in  the  numerous  cases  v^diere  it  runs  in  streaks  and  veins 
through  igneous  rocks,  such  an  origin  can  hardly  be  conceived.  It  is  then  more 
probably  due  to  the  uprise  of  hynlrocarbons  from  below,  probably  in.  a  liquid,  possibly 
gaseous  condition,  and  to  the  final  elimination  of  the  hydrogen  and  isolation  of  the 
carbon.  (Pp.  86,  185,  BIS,  :157. ) 

6.  Feuruginous. — The  decomposition  of  vegetable  matter  in  marshy  places  and  ® 
shallow  lakes  gives  rise  to  certain  organic  acids,  which,  together  with  the  carbonic 
acid  so  generally  also  present,  decompose  the  ferruginous  minerals  of  rock.s  and  carry 
away  soluble  salts  of  iron.  Exposure  to  the  air  leads  to  the  rapid  decoiupo.sitioi)  and 
oxidation  of  those  solutions,  which  consequently  give  rise  to  precipitates,  consisting 
partly  of  in.soluble  ha.sic  salts  and  partly  of  the  hydrated  ferric  oxide.  These  precipi¬ 
tates,  mingled  with  clay,  sand,  or  other  mechanical  impuhty,  and  also  witli  dead  and 
decaying  organisms,  form  deposits  of  iron-ore.  Op^erations  of  this  kind  appear  to  have 
been  in  progress  from  a  remote  geological  antiquity.  Hence  ironstones  with  traces  of 
associated  organic  remains  belong  to  many  different  geological  formations,  and  are 
being  formed  still. As  already  remarked,  not  only  iron  but  also  alumina  appears  to 
be  abstracted  from  silicates  by  acidulous  water  and  deposited  as  hydrate,  as  in  the 
frequent  association  of  limonite  and  bauxite  deposits. 

^  G.  H.  Ekhidge,  cit. 

A.  M.  Ferguson,  Journ.  Roy.  Asiat.  Soc.,  Ceylon  Branch,  vol.  ix.  (1885),  Ko.  31, 
pp.  171-266.  J.  Walther,  D.  G.  O',  xli.  (1889),  p.  359.  M.  Diersclie,  Rahr/x  K.  K.  Gcal. 
Rdeksmut,  xlviii.  (1898),  p.  231.  A.  K.  Cooinara-Swaniy,  Q.  J.  G.  S.  Ivi.  (1900),  p.  609. 

^  See  Senft’s  work  already  (p.  182)  cited,  p.  168  ;  aLso  Book  III.  Part  IT.  Sect.  iii. 
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Bog  Iron-Ore  (Lalve-ore,  minerai  des  uiarais,  Siiiu]»fefz) — a  dark-lirowa  to  blaek, 
earthy,  hut  sometimes  compact  mixture  of  hydrated  peroxide  of  iron,  [)liospliate  of  iron, 
and  liyclrated  oxide  of  manganese,  fre(j[uently  with  clay,  sand,  and  organic  matter.  An 
ordimiy  specimen  yielded  peroxide  of  iron,  62*59  ;  oxide  of  manganese,  8 ‘52;  sand, 
11*37;  phosphoric  acid,  1*50  ;  .snlpliiiric  acid,  traces  ;  water  and  organic  matter, 
16*02  =  100*00.  hog  iron-ore  may  either  be  formed  in.  situ  from  still  water,  or  may  be 
laid  down  by  currents  in  lakes.  Of  the  former  inode  of  formation,  a  familiar  ilUistratioii 
is  furnished  by  the  “  inoor-baiid  pan  ”  or  hard  femiginous  crust,  which  in  boggy  places 
and  on  some  ill-drained  land,  forms  at  the  bottom  of  tlie  soil,  on  the  top  of  a  stiff  and 
tolerably  impervious  subsoil.  Abundant  bog-iron  nr  lake -ore  is  obtained  from  the 
bottoms  of  some  lakes  in  Norway  aud  Sweden.  It  forms  everywhere  on  the  shallower 
slopes  near  banks  of  reeds,  where  there  is  no  strong  current  of  water,  occurring  in 
granular  CO neretions  (Bobiiei'd  that  vary  from  the  size  of  grains  of  coarse  gunpowder  up 
to  nodules  6  inches  in  diameter,  and  forming  layers  10  to  200  yards  long,  5  to  15  yards 
liroad,  and  8  to  30  inches  thick.  These  deposits  are  worked  during  winter  by  inserting 
perforated  iron  shovels  through  holes  cut  in  the  ice ;  and  so  rapidly  do  they  accumulate, 
that  instances  are  known  w’here,  after  having  been  coin})letely  removed,  the  ore  at  the 
end  of  twenty-six  years  was  found  to  have  gathered  again  to  a  thickness  of  several 
inches.  A  layer  of  loose  earthy  ochre  1 0  feet  thick  is  believed  to  have  formed  in  600 
years  on  the  floor  of  the  Lake  Tiskeiinear  the  old  copper  mine  of  Faliiii  in  Sweden.^ 
According  to  Ehrenberg,  the  formation  of  hog-ore  is  due,  not  merely  to  the  chemical 
actions  arising  from  the  decay  of  organic  matter,  but  to  a  power  possessed  by  diatoms  of 
separating  iron  from  water  and  de])ositing  it  as  hydrous  peroxide  within  their  siliceous 
framework. 

AluLminoTis  Yellow  Iron-Ore  is  closely  related  to  the  foregoing.  It  is  a  mixture 
of  yellow  or  pale  brown,  bydrated  peroxide  of  iron  with  clay  and  sand,  sometimes 
with  silicate  of  iron,  hydrated  oxide  of  manganese,  and  carbonate  of  lime,  and  oecurs 
in  dull,  usually  pulverulent  grains  <aiid  nodules.  Occasionally  these  nodules  may 
be  observed  to  consist  of  a  shell  of  harder  material,  within  which  the  yellow*  oxide 
becomes  progi-cssively  softer  towards  the  centre,  which  is  sometimes  puite  empty.  Such 
concretions  are  known  as  diltites  or  Eagle -stone.s.  This  ore  occur.s  iii  tiie  Coal-measures 
of  Saxony  and  Silesia,  also  in  the  Harz,  Baden,  Bavaria,  &f., 
and  among  the  Jurassic  imks  iu  England. 

Clay-Ixoaistoiie  has  been  already  (p.  107)  referred  to.  It 
occurs  abundantly  in  nodules  and  beds  in  the  Caihoniferous 
system  in  most  parts  of  Europe.  The  nodules  (S[)ha‘rosidei*itej 
are  generally  oval  and  flattened  iu  form,  varying  iu  size  from 
a  small  bean  up  to  concretions  a  foot  or  more  in  diameter,  and 
■with  ail  internal  system  of  radiating  cracks,  often  filled  with 
ealcite  (Fig.  25).  In  many  c*a.ses,  they  contain  in  the  centre 
some  organic  siilisfcance,  such  as  a  coprolite,  fern,  cone,  shell, 
or  fish,  that  has  served  as  a  surface  round  which  the  iron  in  tlie  water  and  in  the 
surrounding  mud  could  lie  precipitated.  Seams  of  clay -ironstone  vary  in  thickness 
from  mere  paper-like  jiartings  up  to  beds  sevmral  feet  deep.  The  Oleveland  .seam  in 
the  middle  Lias  of  Yorksliirc  is  about  20  feet  thick.  In  the  Carboniferous  system  of 
Scotland  certain  seams  known  a.s  Bkickbcmd  contain  from  10  to  52  per  cent  of  coaly 
matter,  and  admit  of  being  calcined  with  the  addition  of  little  or  no  fuel.  Tliey 
are  sometimes  crowded  -with  organic  remains,  e.specially  lamellihranchs  {A'litlviumsw , 
Anthriiconyay  ko.)  and  fiHhe.s  MegalicMIufs,  &c.). 

A  mioroscopic  examination  of  some  ironstone.s  reveals  a  very  perfect  oolitic  structure, 


^  A.  E.  Thorehl,  (Jed.  M/'cii.  Ftirhund.  iUfMJchoOit,  iii.  }),  20.  A.  ‘\V‘.  Chjuquist,  clf. 
V.  p.  402  ;  K.  8j<igTen,  dt.  xiii.  p,  373.  Book  HI.  Part  IT.  Sect.  ii.  4,  and 
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Snow  -  ice  is  of  two  kinds.  Ist,  Fallen  snow  on  mountain  slopes  above^tlie  snow¬ 
line  gradually  assumes  a  granular  structure.  The  little  crystalline  needles  and  stars  of 
ice  aie  melted  and  frozen  into  rounded  granules  which  forjn  a  more  or  less  compact 
mass  known  in  Switzerland  as  N6vt  or  Firn.  2nd.  When  the  granular  neve  slowly 
slides  down  into  the  valleys,  it  acquires  a  more  compact  crystalline  structure  and 
becomes  glacur-tcr..  According  to  the  researches  of  F.  Klocke,  glacier-ice  is,  throughout 
its  mass,  an  irregular  aggregate  of  distinct  crystalline  grains,  the  boundaries  of  which 
form  the  minute  capillary  fissures  so  often  described.-  Its  structure  thus  closely  corre¬ 
sponds  to  that  of  marble  (p.  192).  Glacier-ice  in  .small  fragments  is  white  or  colourless, 
and  often  shows  iniumierahle  fine  hubbies  .of  air,  sometimes  also  fine  particles  of  mud. 
In  larger  masses,  it  has  a  blue  or  green-blue  tint,  and  displays  a  veined  structure, 
consisting  of  parallel  vertical  veinings  of  white  ice  full  of  air-bubbles,  and  of  blue 
clear  ice  without  air-bubbles.  Snow-ice  is  formed  above  the  snow' -line,  hut  may  descend 
in  glaciers  far  below  it.  It  covens  large  areas  of  the  more  lofty  mountains  of  the 
globe,  even  in  tropical  regions.  Towards  the  poles  it  descends  to  the  sea,  where 
large  pieces  break  off  and  float  away  as  icebergs. 

Water-ice  is  formed,  1st,  by  the  freezing  of  the  surface  of  fresh  water  (river-ice, 
lake-ice),  or  of  the  sea  (ice-foot,  floe-ice,  ])ack-ice)  ;  this  is  a  compact,  clear,  white  or 
greenish  ice.  2nd,  by  the  freezing  of  the  layer  of  water  lying  on  the  bottom  of  rivens, 
or  the  sea  (bottom-ice,  gimind-ice,  anchor-ice) ;  this  variety  is  more  spongy,  and  often 
encloses  mud,  sand  and  stones.*^ 

Bock-Salt  (Sel  gemme,  8teinsalz,  p.  108)  occurs  in  layers  or  beds  from  less  than  an 
inch  to  many  hundred  feet  in  thickness.  The  salt  deposits  at  Stassfurt,  for  example, 
are  1197  feet  thick,  of  which  the  lowest  beds  comprise  685  feet  of  pure  rock-salt,  wdtli 
thin  layers  of  anhydrite  |-inch  thick  dividing .  tlie  salt  at  intervals  of  from  one  to 
eight  inches.  Still  more  massive  are  the  accumulations  of  Spereiiberg  near  Berlin, 
which  have  been  bored  to  a  depth  of  4200  feet,  and  those  of  Wieliczka  in  Gallicia,  which 
are  here  and  there  more  than  4600  feet  thick. 

The  more  insoluble  salts  (notably  gypsum  or  anhydrite)  are  apt  to  appear  in  the 
lower  parts  of  a  saliferous  series.  When  purest,  rock-salt  is  clear  and  colourless,  but 
usually  is  coloured  red  (peroxide  of  iron),  sometimes  green  or  blue  (chloride  or  silicate 
of  copper).  It  varies  in  structure,  being  sometimes  beautifully  crystalline  and  giving 
a  cubical  cleav'age  ;  laminated,  granular,  or  less  frequently  fibrous.  It  usually  contains 
some  admixture  of  clay,  sand,  anhydrite,  bitumen,  &c.,  and  is  often  mixed  with 
chlorides  of  magnesium,  calcium,  &c.  In  some  places  it  is  full  of  vesicles  (not 
infrequently  of  cubic  form)  containing  saline  water ;  or  it  abounds  with  minute  cavities 
filled  with  hydrogen,  nitrogen,  carbon  -  dioxide,  or  with  some  hydrocarbon  gas. 
Occasionally  remains  of  minute  forms  of  vegetable  and  animal  life,  bituminous  wood, 
corals,  slielLs,  crustaceans,  and  fish  teeth  are  met  with  in  it.  Owing  to  its  ready  solu¬ 
bility,  it  is  not  found  at  the  surface  in  most  climates.  It  has  been  formed  by  the 
evaporation  of  very  saline  w’ater  in  enclosed  basins — a  process  going  on  now  in  many 

^  The  student  intere.sted  in  the  various  crystallographic  forms  of  snow-liakes  will  find 
a  fine  series  of  illustrations  from  pliotogi-aifiis  taken  by  Nordenskjuld,  and  published  in 
different  scientific  journals  in  1893,  Oeol.  I  Sr.  FSrlicaidL,  ^todkhohn,  xv.  pp.  145-158  ; 
Bull.  Soc.  Mm.  France^  xvi.  p.  59  ;  Saticre,  xlviii.  p.  592.  Another  series  of  good  repro¬ 
ductions  from  photographs  after  nature,  taken  by  W.  A.  Bentley,  is  gi\’en  in  Nature,  Ixv. 
(1902),  p.  284. 

Neues  Jahrh.  i.  (1881),  p.  23*.  See  .also  Mr.  M‘Comiel,  Pmc.  Roy.  Soc.  xlviii.  (1890), 
p.  259  ;  xlix.  (1891),  p.  323.  Grad  and  Dupre  {Ann.  Club  AQh  Franc.  1874)  show  liow' 
the  characteristic  strucUire  of  glacier -ice  may  be  revealed  by  allowing  coloured  solutions 
to  permeate  it. 

^  On  the  properties  of  ice,  with  some  intere.sting  geological  bearings,  see  0.  Petterssoii, 
‘  Vega-Expeditionens  Yetenskapliga  Takttagelser/  ii.  p.  249,  Stockholm,  1883. 
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salt -lakes  (Great  Salt  Lake  of  Utali,  Dead  Sea),  and  on  the  surface  of  some  deserts 
(Kirgis  Steppe).  In  different  parts  of  the  world,  deposits  of  salt  have  probably  always 
been  in  progress  from  very  early  geological  times.  Saliferous  formations  of  Tertiary 
and  Secondary  age  are  abundant  in  Europe,  while  in  America  they  occur  even  in  rocks 
as  old  as  the  Upper  Silurian  period,  and  among  the  Punjab  Hills  in  still  more  aiieieiit 
strata.^  (Book  III.  Part  II.  Sect.  ii.  §  4.) 

In  the  deposits  where  rock-salt  occurs  other  soluble  salts  may  be  met  with  tn 
smaller  quantity,  which  have  likewise  been  derived  from  the  evaporation  of  saline 
waters.  Among  these  is  Carnallite  (p.  108)— a  chloride  of  potassium  and  niagnesiuni 
(KCl  26*8,  MgClo  34 '2,  water  39),  which  attains  a  great  development  in  the  salt 
mines  of  Stassfurt,  where  it  forms  a  hed  *20  to  30  metres  thick,  overlying  the  rock-salt. 
It  has  been  found  in  other  old  salt  -  deposits  as  well  as  among  the  ‘bsalterns”  or 
^‘salines”  along  the  Mediterranean  coast,  where  the  water  of  that  inland  S(‘a  i.s 
evaporated  in  the  manufacture  of  salt.  It  so  closely  resembles  rock-salt  that  it  w'as 
formerly  included  with  it  It  is  a  valuable  source  for  the  manufacture  of  potash-salts. 
Kieserite — magnesium-sulphate  (MgSOj  86*96,  HoO  13*04)  forms  at  Stassfurt  alter¬ 
nating  layers  with  rock-salt  from  an  inch  to  a  foot  in  thickness.  K  ain  it e— hydrous 
magnesium  sulphate  and  potassium  chloride  (magnesium,  16*1  ;  potassium,  15*7  ; 
chlorine,  14’3  ;  sulphuric  acid,  32'2  ;  water,  21*7),  occurs  in  yellowish  or  pale  grt^y 
aggregates,  sometimes  of  considerable  thickness,  and  is  distinguished  from  some  of  its 
associated  salts  by  not  deliquescing  readily  in  the  air.  Sylvine — potassium-chloride 
(K  S2*46,  G1  47  *54),  found  crystallised  in  Kieserite. 

MTatural  Soda. — From  the  drying  up  of  alkaline  lakes  in  different  parts  of  the 
world  extensive  deposits  of  various  alkaline  salts  have  been  formed,  some  of  which 
have  become  of  great  economic  value.  “Natural  soda”  consists  of  a  mixture  of 
sodium  carbonate  and  bicarbonate  in  varying  proportions,  with  some  impurities  whitdi 
are  mainly  chloride  sulphate  of  sodium.  It  is  found  in  Hungary,  Egypt,  Armenia, 
and  in  various  parts  of  North  and  South  America.  Urao  is  the  name  given  to  the 
natural  carbons^  of  soda  found  in  Venezuela  (Na.20  41*22,  CO2  39*00,  H2O  18*80,  im¬ 
purities  0*98,  total  100*00).  The  term  Trona  is  applied  to  a  native  scs(iuicarbonate 
of  sodium  which  contains  a  little  sulphate  of  sodium.  (Book  III.  Part  II.  Sect.  ii.  §4.) 

Cryolite. --rA  double  fluoride  of  sodium  and  aluminium  (Na  32*79,  A1 12*85,  El  54  *36) 
occurs  ill  considerable  mass  at  Ivigtut,  Arkutsfjord,  in  Greenland,  where  it  appears  as 
a  large  included  aggregation  in  the  granite,  associated  with  quartz,  galena,  zinc-blende, 
pyrite  and  other  minerals. 

Limestone. — The  general  characters  of  this  rock  have  already  (p.  176)  been  enumer¬ 
ated  in  connection  with  those  examples  of  it  which  have  been  formed  by  the  aggregation 
of  the  remains  of  plants  or  animals.  We  have  now  to  deal  with  limestones  which 
have  had  a  distinctly  chemical  origin,  and  also  those  which,  though  doubtless,  in  many 
cases,  originally  formed  of  organic  ddbris,  have  lost  their  fragmental  and-  have  assumed 
instead  a  crystalline  structure.  From  waters  highly  charged  with  carbonate  of  lime 
in  solution  precipitates  of  this  substance  form  sheets  of  limestone.  This  process  may 
take  place  in  the  sea,  especially  in  shallow  parts  liable  to  concentration  and  evaporation. 
It  occurs  also  in  fresh  waters,  more  particularly  along  the  course  of  calcareous  springs 
and  streams.  Such  precipitates  may  at  first  be  soft,  white,  and  chalk-like,  but  eventu¬ 
ally  they  harden,  and  may  acquire  a  crystalline  and  even  marble-like  texture. 

Compact,  common  Limestone— a  fine-grained  crystalline-granular  aggregate, 
occurring  in  b§dsor  laminae  interstratified  with  other  aqueous  deposits.  When  purest  it 
is  rei^ily  salable  In  acid  mth  effervescence,  leaving  little  or  no  residue.  Many  varietien 
a«2ur,  tn  some  of  whieh  separate  names  are  given.  Hfdraidic  limestone  contains  10  per 
cent  or  more  of  silica  (and  usually  alumina),  and^  when  burnt  and  subsequently  mixed 

^  On  salt  deposits  of  various  agCs,  see  A.  C.  Bamsay,  Brit.  Assoc.  Jte'p.  1880,  p.  10  ;  also 
Index,  SW&  foc.  “  Salt  Deposits.  ” 
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with,  water,  forms  a  cement  or  mortar  which  has  the  property  of  ‘‘setting’"  or  hard¬ 
ening  under  water.  Limestones  containing  perhaps  as  Tnnch  as  25  p)er  cent  of  silica, 
alumina,  iron,  &c. ,  that  in  themselves  would  be  unsuitable  for  many  of  the  ordinary 
purposes  for  which  limestones  are  used,  can  be  employed  for  niahiiig  hydraulic  mortar. 
These  limestones  occur  in  beds  like  those  in  the  Lias  of  Lyme  Regis,  or  in  nodules  like 
those  of  Sheppey,  from  which  Roman  cement  is  made.  Cemmf stone  is  the  name  given 
to  many  pale  dull  ferrnginous  limestones,  which  contain  an  admi.vtiire  of  clay,  and 
some  of  which  can  be  profitably  used  for  making  hydraulic  mortar  or  cement.  Fetid 
Uijustone  {stinTcsUiii,  siomestone)  giwes  off  a  fetid  smell  when  struck  with  a  hammer. 
In  some  cases,  the  rock  seems  to  have  been  deposited  by  volcanic  springs  contain¬ 
ing  decomposable  sulphides  as  well  as  lime.  In  other  instances,  the  odour  may  he 
connected  with  the  decomposition  of  imbedded  organic  matter.  In  some  quarries 
in  the  Oarbouiferous  Limestone  of  Ireland,  as  mentioned  by  Jukes,  the  freshly-broken 
rock  maybe  smelt  at  a  distance  of  a  hundred  yards  when  the  men  are  at  work,  and 
occasionally  the  stench  become.s  so  strong  that  the  workmen  are  sickened  by  it,  and 
require  to  leave  off  work  for  a  time.  Oornstone  is  an  arenaceous  or  siliceous  lime¬ 
stone  particularly  characteristic  of  some  of  the  Pahncozoic  Red  Sandstone  formations. 
Rottenst07ie  is  a  decomposed  siliceous  limestone  from  which  most  or  all  of  the  lime  has 
been  removed,  leaving  a  siliceous  skeleton  of  the  rock.  A  similar  decomposition  takes 
place  in  .some  ferruginous  limestones,  wdth  the  result  of  leaving  a  yellow  skeleton  of 
ochre.  Common  limestone,  having  been,  deposited  in  W’ater  usually  containing  other 
substances  in  suspension  or  solution,  is  almost  alw^ays  mixed  with  impurities,  and 
where  the  mixture  is  sulficieiitly  distinct  it  receives  a  special  name,  such  aS  siliceotis 
limestone,  sandy  limestone,  argillaceous  limestone,  bituminous  limestone,  dolomitie 
limestone.  ^ 

Travertine  (calcareous  tufa,  calc-sinter)  is  the  porous  material  deposited  "by  caL 
careous  springs,  nsnally  white  or  yellowish,  varying  in  texture  from  a  soft  chalk-like  or 
marly  substance  to  a  compact  bnilding-stone.  (See  postea,  pp.  475,  605,  611,  613.) 
Stdlaxtite  is  the  name  given  to  the  calcareous  pendant  deposit  formed  on  the  roofs  ,of 
limestone -caverns,  vaults,  bridges,  &c. ;  while  the  water,  from  which  the  hanging 
lime-icicles  are  derived,  drips  to  the  floor,  and  on  further  evaporation  there  gives  rise 
to  the  crust -like  deposit  known  as  stalagmite,  Mr,  Sorby  has  shown  that  in  the 
calcareous  deposits  from  fresh  water  there  is  a  constant  tendency  towards  the  produc¬ 
tion  of  calcite  crystals  with  the  principal  axis  perpendicular  to  the  surface  of  deposit. 
Where  that  surface  is  curved,  there  is  a  radiation  or  convergence  of  tlie  fibre -like 
crystals,  well  seen  in  sections  of  stalactites  and  of  some  calcareous  tufas  (Pig.  109). 

A  variety  of  travertine  formed  both  in  caves  and  in  the  open  air  as  a  deposit  from 
water,  and  distinguished  by  its  laminated  or  clouded  green,  red,  and  brown  colours, 
has  long  been  used  as  an  ornamental  stone.  It  was  obtained  in  ancient  times  from 
Algeria  and  Egypt,  often  in  large  and  beautiful  monoliths.  It  is  known  as  oriental 
alabaster  or  onyx  marble,  and  is  found  at  Lake  Orooniiah  in  Persia,  in  various  parts  of 
Italy  and  France,  in  large  deposits  in  Arizona,  California,  Yirginia,  Colorado,  Utah, 
and  other  parts  of  the  United  States,  and  in  beautiful  varieties  in  Mexico.^ 

Oolite — a  linie.stone  formed  wholly  or  in  part  of  more  or  less  perfectly  spherital 
grains,  and  having  somewhat  the  aspect  of  lislproe.'  Each  grain  eonsi.sts  of  siiccessivie 
concentric  shells  of  carbonate  of  lime,  frequently  with  an  internal  radiating  Abrons 
$tructure,  which  gives  a  black  cross  between  crossed  Micols  (Fig.  26).  The  calcareoi:iS 
material  was  deposited  round  some  minute  particle  of  sand  or  other  foreign  body  which 
was  kept  in  motion,  so  that  all  sides  could  in  turn  become  encrusted.  It  is  ifow  known 
that  minute  algui  pday  an  important  part  in  some  of  these  depositions,  the  carbonate 
being  abstracted  and  precipitated  round  their  filaments.  Oolitic  grains  are  now  forming 
ill  this  way  at  the  springs  of  Carlsbad  (Sprndelstein).  They  may  also  be  produced 


^  G.  P.  Merrill,  “The  Onyx  Marbles.”  Rep.,(I-*  S.  Fat.  MmeMin,  Washington,  1S95. 
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where  gentle  currents  in  lakes,  or  in  partially  enclosed  areas  of  the  sea,  ktaq)  grains  of 
sand  or  fragments  of  shells  drifting  along  in  water,  wdiicli  is  so  charged  with  lime  as  to 
be  ready  to  deposit  it  upon  any  suitable  surface.  An  oolitic  limestone  may  contain 
much  impurity.  AVliere  the  calcareous  granules  are  cemented  in  a  somewhat  argiilacf;- 
ous  matri.x  the  rock  is  known  in  Germany  as  liogenstein.  Where  the  individual  grains 
of  an  oolitic  limestone  are  as  large  as  peas,  the  rock  is  called  a  pisolite  (pea-grit). 
The  grannies  sometimes  consist  of  aragonite.  Oolitic  structure  is  found  in  limestones 
of  all. ages,  from  Paheozoic  down  to  recent  timesd  Mr.  E.  Wethered  h.as  oh.served  that 
many  oolitic  grains  in  the  Palaeozoic  and  Jurassic  limestones  of  England  show  curious 
vermiform  twistings  in  their  outer  concentric  coats,  which  he  regards  as  of  organic 
origin,  either  plant  or  animal  (GrrvaneUa).'-^  They  appear  to  play  the  part  of  the 
algm  in  the  Sprudelstein  and  Tivoli  travertine.  In  some  instances  oolite.s  have  had 
their  calcareous  matter  replaced  by  carbonate  or  oxide  of  iron,  so  as  to  become  oolitic 
ironstones. 

Marble  (granular  limestone) — a  crystalline  -  granular  aggregate  eomposed  of 
crystalline  calcite- granules  of  remarkably  uniform  size,  each  of  which  has  its  own 
independent  twin  lamellee  (often  giving  interference  colours)  and  cleavage  This 

characteristic  structure  is  well  displayed  when  a  thin  slice  of  ordinary  statuary  marble 


Pig.  26.— -Microscopic  Structure  of  Oolitic  Lime- 
stone,  after  Sorby,  (Magnified  30  Diameters.) 


Fig.  27.— Microscopic  (Hacdiaroid)  Struct  arc  of 
Statuary  Marble.  (Maguifled  JU)  Djnnietcr«.) 


IS  placed  under  the  microscope  (Fig.  27).  Typical  marble  is  white,  but  the  ro.-k  is  also 
yellow,  gi-ey,  blue,  green,  red,  black,  or  streaked  and  mottled,  as  may  be  so™  in  the 
numerous  kinds  used  for  ornamental  purposes.  Its  granular  structure  gives  it  a  rosom- 
blanoe  to  loaf-sugar,  whence  the  term  “sacoharoid ’’  applied  to  it.  Pine  silvery  scales 
of  mica  or  tele  may  often  be  noticed  even  in  the  purest  marble  {Oipollhio,  p.  2.71).  Some 
crystalline  limestones  associated  with  gneiss  and  schist  are  peculiarly  rich  in  iiiinorals 
maTv°!,Vf^"'  ’  anthophyllite,  zoisite,  vesnvianite,  pyroxenes,  and 

feokid  W  T  1  abundance.  These  iuclmsions  oau  bo 

isolated  by  dissolving  the  surrounding  rock  in  acid  p  117) 

"  metamorphic  rook,  that  is,  one  in  which  the  calcium-carboiiato.  wliethor 
derived  from  an  organic  or  inorganic  source,  has  been  entirely  recrystallise.l  hi  »it„. 

of  limestonas  of  the  Dalnulian  motamorpi^KoH..H 

ot  bcotland  (Islay),  which  may  possibly  be  pre-Palieozoie 

“  ^7.  Mag.  1889,  p.  196  ;  Q.  /.  (?.  &  xlvi.  (1890),  p,  270 ;  li.  (1895),  p.  106.  Mr 
C_^id  has  suggested  that  the  tubular  bodies,  called  Girmndla.  may  be  d.ie  to  tln-.Ieoosa 
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In  the  course  of  this  change  the  original  clay,  sand  or  other  impurities  of  the  roch 
liave  teen  also  crystallised,  and  now  appear  as  the  crystalline  silicates  just  referred 
to.  Marble  occurs  in  beds  and  large  lenticular  masses  associated  with  crystalline 
schists  on  many  different  geological  horizons.  It  is  met  with  also  as  the  result  of  the 
alteration  of  limestones  by  contact  with  masses  of  era ptiwe  rock.  In  Canada  it  occurs 
of  Laurentian  ;  in  Scotlainlof  Cambrian  ;  in  Utah  of  Upper  Carboniferous  ;  in  Southern 
Europe  of  Triassic,  Jurassic,  and  Cretaceous  age. ^ 

Dolomite  (Magnesian  Limestone)  consists  typically  of  a  yellow  or  white,  crystalline, 
massive  aggregate  of  the  mineral  dolomite;  but  the  relative  proportions  of  the  calcium 
and  magnesium -carbonates  vary  indefinitely,  so  that  every  gradation  can  be  found,  from 
pure  limestone  without  niagnesinm-carbonatc  up  to  pure  dolomite  containing  45'65  pier 
cent  of  that  carbonate.^  [Ferrous  carbonate  is  also  of  common  occurrence  in  this  rock. 
The  texture  of  dolomite  is  usually  distinctly  crystalline,  the  individual  crystals  being 
occasionally  so  loosely  held  together  that  the  rock  readily  crumbles  into  a  crystalline 
sand.  A  fissured  cavernous  structure  apparently  due  to  a  process  of  contraction  during 
the  process  of  doloDutUatiorF  (p.  -1:26),  is  of  common  occurrence:  even  in  coinpiact 
varieties,  cellular  spaces  occur,  lined  with  crystallised  dolomite  (Kauchwaelve),  the 
'crystals  of  wliich  are  often  hollow  and  sonaetinies  enclose  a  kernel  of  calcite.  Other 
varieties  are  huilt  up  of  spherical,  botiyoidal  and  irregularly-shaped  concretionary 
masses.  Dolomite,  in  its  more  typical  forms,  is  distinguishable  from  limestone  by  its 
greater  hardness  (3'5“4'5)  higher  specific  gravity  (2*8-2*95),  and  much  less  easy  solubility 
in  acid.  It  occurs  sometimes  in  beds  of  original  deposit,  associated  with  gypsum,  roch- 
salt  and  other  results  of  the  evaporation  of  saturated  saline  waters  ;  it  is  also  found 
replacing  wlnit  u-as  once  ordinary  limestone.  The  process  by  which  carbonate  of  lime 
is  replaced  by  carbonate  of  magnesia,  is  referred  to  in  Book  III.  Part.  I.  Sect.  iv.  §2.^ 
Dolomite  sometimes  forms  picturesque  mountain  masses,  as  in  the  Dolomite  Mountains 
of  the  Eastern  Alps. 

Gypsum — a  fine-granular  to  compact,  sometimes  (ibrons  or  sparry  aggregate  of  the 
mineral  gypsum,  having  a  hardness  of  only  1*5-2  (therefore  scratched  with  the  nail),  and 
a  specific  gravity  of  about  2*32  ;  unaffected  by  acids  and  hence  readily  distinguish¬ 
able  from  limestone,  which  it  occasionally  resembles.  It  is  normally  white,  hut  may  be 
coloured  grey  or  brown  hy  an  admixture  of  clay  or  bitumen,  or  yellow  and  red  by  being 
stained  with  iron-oxide.  It  occurs  in  beds,  lenticular  intercalations  and  strings,  usually 
associated  with  beds  of  red  clay,  rock-salt,  or  anhydrite,  in  formations  of  many 
various  geological  pjcriocls  from  Silurian  (New  Uork)  down  to  recent  times.  The 
Triassic  gypsum  deposits  of  Thiiringia,  tianover  aiiclthe  Ilar^have  long  been  famous. 
One  of  them  runs  along  the  south  Hank  of  the  Harz  Mountains  as  a  great  band  six  miles 
long  and  reaching  a  height  of  sometimes  430  feet.  The  compact  massive  variety 
known  as  Ala  haste  r  has  long  been  employed  for  ornarriental  purposes,  though  its  soft¬ 
ness  limits  its  usefulness.  It  is  also  largely  consumed  for  the  maimfaeture  of  “  Blaster 
of  Paris.” 

Gyp)suin  fiirnislies  a  good  illustration  of  the  many  dilferent  ways  in  which  some 
mineral  siihstances  can  originate.  Thus  it  may  he  produced,  1st,  as  a  chemical 

^  An  important  inenioii*  on  the  marldes  of  Norway,  hy  Professor  J.  H.  L.  Vogt,  will  Ijc 
found  ill  Fiirf/es  UeuL  rncferndgelse,  No.  22  (1897).  It  discusses  the  geology,  cliemistiy, 
mineralogy  and  structure  of  marble,  together  with  its  most  important  characters  froiii  an 
industrial  point  of  view.  See  also  his  paper,  “J>er  Marmor  in  Beziig  aiif  seine  Geologic, 
Structiir  mid  seine  inechaiiisclie  Eigeiischafteii,”  Zeitadi.  p'uct.  (Jml.  1898,  pp.  4,43. 

-  On  the  origin  of  Dolomite  see  Klein ent,  Bvll.  tdoc.  Jkhje  Ued.  ix.  (1895),  pp.  3-23  ; 
J.  J.  H.  Teall,  Geoi.  Mag.  1895,  p.  3*29.  See  also  the  inenioir  hy  Vogt  cited  above. 

^  On  the  miiieralogieal  nature  of  dolomite  see  0,  Meyer,  Z.  fK  <J.  G.  xxxi.  p.  445  ; 
Loretz,  op.  dt.  xxx.  p.  387  ;  xxxi.  p.  755.  Bemird,  JitdL' A aui.  Ito//.  Bdg.  xlvii.  (1879;, 
No.  5,  and  the  paper  of  Dr.  Klein elit,  cited  in  tlie  previous  note. 
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precipitate  from  soliation  in  water,  as  when  sea-water  is  evaporated  ;  2ad,  tlirongh  the 
decomposition  of  sulphides  and  the  action  of  the  resultant  sulphuric  acid  upon  lime¬ 
stone  ;  3rd,  through  the  mutual  decoinpoosition  of  carbonate  of  lime  and  sulphates  of  iron, 
copper,  magnesia,  &c.  ;  Itli,  through  the  hydration  of  anhydrite  ;  5th,  through  the 
action  of  the  sulphurous  vapours  and  solutions  of  volcanic  orifices  upon  limestone  and 
calcareous  rocksd  It  is  in  the  first  of  these  ways  that  the  thieh  beds  of  gypsum  associ¬ 
ated  with  rock-salt  in  many  geological  formations  have  been  formed.  The  first  mineral 
to  appear  in  the  evaporation  of  sea -water  being  gypjsum,  it  has  been  precipitated  on  the 
floors  of  inland  seas  and  saline  lakes  before  the  more  soluble  salts.- 

Anhydrite, — the  anhydrous  variety  of  calcium-sulphate,  occurs  as  a  compact  or 
granular,  white,  grey,  bluish  or  reddish  aggregate  in  saliferous  deposits.  It  is  less 
frequent  than  gypsum,  from  which  it  is  distinguished  by  its  much  greater  hardness 
(3-3*5),  and  into  which  it  readily  passes  by  taking  up  0*2625  of  its  weight  of  water/'  It 
often  occurs  in  thin  seams  or  partings  in  rock-salt:  hut  it  also  forms  large  hill-like 
masses,  of  which  the  external  parts  have  been  converted  into  gypsum. 

Ironstone. — Under  this  general  term  are  included  various  iron-ores  in  which  the 
peroxide,  protoxide,  carbonate,  &c.,  are  mingled  with  clay  and  other  impurities.  They 
have  generally  been  deposited  as  chemical  precipitates  on  the  bottoms  of  lakes,  under 
marshy  ground,  or  within  fissures  and  cavities  of  rocks.  Some  iron-ores  are  associated 
with  schistose  and  massive  rocks  ;  others  are  found  with  sandstones,  shales,  limestones 
and  coals  ;  while  some  occur  in  the  form  of  mineral  veins.  Those  which  have  resulted 
from  the  co-operation  of  organic  agencies  are  described  at  pp.  186,  612,  628. 

Haematite  (red  iron-ore),  a  compact,  fine-grained,  earthy,  or  fibrous  rock  of  a 
blood- red  to  brown-red  colour,  but  where  most  crystalline,  steel-grey  and  splendent, 
with  a  distinct  cherry-red  streak.  Consists  of  anhydrous  ferric  oxide,  but  usually  is 
mixed  with  clay,  sand  or  other  ingredient,  in  such  varying  proportions  as  to  pass,  by 
insensible  gradations,  into  ferruginous  clays,  sands,  quartz  or  ja.sper.  Occurs  as  beds, 
huge  concretionary  masses  and  veins  traversing  crystalline  rocks  ;  sometimes,  as  in 
Westmoreland,  filling  up  cavernous  spaces  in  limestone.  Is  found  occasionally  in  beds 
of  an  oolitic  structure  among  strati  fed  formations.  'As  already  stated  (pp.  177,  187), 
probably  most  of  the  oolitic  or  pisolitic  ironstones  have  resulted  from  the  conversion  of 
original  grains  of  calcite  in  ordinary  oolites  into  carbonate  of  iron,  which  on  oxidation 
has  become  magnetite  haematite  or  limonite. 

Limonite  (brown  iron-ore),  an  earthy  or  oclireous,  compact,  fine-grained  or  fibrous 
rock,  of  an  ochre-yellow  to  a  dark -brown  colour,  distinguishable  from  linematite  by  being 
hydrous  and  giving  a  yellow  streak.  Occurs  in  beds  and  veins,  sometimes  as  the  i*esult 
of  the  oxidation  of  ferrous  carbonate  ;  abundant  on  the  floors  of  some  lakes  ;  commonly 
found  under  marshy  soil  where  it  forms  a  hard  brown  crust  upon  the  impervious  subsoil 
{bog-iron-ore).  Found  likewise  in  oolitic  concretions  sometimes  as  large  as  walnuts, 
consistiug  of  concentric  layers  of  impure  limonite  with  sand  and  clay  {Bohnerz).  (See 
p.  187  and  Book  III.  Part  II.  Sect.  iii.  §  3.) 

Spathic  Iron-ore,  a  coarse  or  fine  crystalline  or  dull  compact  aggregate  of  the 
mineral  siderite  or  ferrous  carbonate,  usually  with  carbonates  of  calcium,  manganese  and 
magnesium ;  has  a  prevalent  yellowish  or  brownish  colour,  and  when  fresh,  its  rhoinbo- 
hedral  cleavage- faces  show  a  pearly  lustre,  which  soon  disappears  as  the  surface  is 
oxidized  into  limonite  or  lioematite.  Occurs  in  beds  and  veins,  especially  among  older 

Both.  ‘  Chein.  Gl-eol.’  i.  p  553. 

For  an  elaborate  account  of  the  crystallisation  of  gyp.sum  directly  from  the  water  of 
lagoons  and  as  a  secondary  product  from  the  reaction  resulting  from  the  decomposition  of 
iron  sulphide  iii  rocks  containing  lime,  see  the  memoir  by  Prof.  Lacroix,  ‘  Le  Gypse  de 
Paris  et  lesMineraux  qui  I’accompagnent,’  JS^our.  Arch.  Museum,  Paris,  1897. 

^  See  G.  Bose  on  formation  of  this  rock  in  presence  of  a  solution  of  chloride  of  sodium, 
Meues  Xahrl,  1871,  p.  932.  Also  Bisehof,  ‘Ghem.  und  Phys.  Geol.^  Suppl.  (1871),  p.  188. 
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geological  formations.  The  colossal  Erzberg  at  Eisenerz  in  Styria,  which  rises  2600 
feet  above  the  valle}^  consists  almost  wholly  of  siderite,  belonging  to  the  Silurian 
system.^ 

Clay-ironstone  (Spliffirosiderite),  a  dull  browner  black,  compact  form  of  sid  elite, 
with  a  variable  luixtiire  of  clay,  and  usually  also  of  organic  matter.  Occurs  in  the 
Carboniferous  and  other  formations,  in  the  form  either  of  nodules,  where  it  lias  iisnally 
been  deposited  round  some  organic  centre,  or  of  beds  interstratified  with  shales  and 
coals.  It  is  more  properly  described  at  p.  187,  with  the  organically  derived  rocks. 

Magnetic  iron-ore,  a  granular  to  compact  aggregate  of  magnetite,  of  a  black  colour 
and  .streak,  more  or  less  perfect  iiietallic  lustre,  and  strong  inagneti.sm.  .  Commonly 
contains  admixtures  of  other  minerals,  notably  of  Inmnatite,  chronic-iron,  titanic-iron, 
pyrites,  chlorite,  quartz,  liornbleiule,  garnet,  epidote,  felspar.  Occurs  in  beds  and 
enormous  lenticular  masses  ( Stuck e.)  among  crystalline  schists  ;  likewise  in  .segregation - 
veins  of  gabbros  and  other  eruptive  rocks  ;  also  occasionally  in  an  oolitic  form  (prob¬ 
ably  as  a  pseudoniorph  after  an  original  calcareous  oolite)  among  Palieozoic  rocks,  as  in 
the  .so-called  pisolitic  iron-ore  ”  of  Morth  Wales.  Among  the  Scandinavian  gneisses 
lies  the  iron  moimtain  of  Grellivara  in  Lulea-Lappniark,  17,000  feet  long,  8500  feet 
broad,  and  525  feet  high. 

Siliceous  Sinter  (Geyserite,  Kieselsinter),  the  siliceous  deposit  made  by  hot  springs, 
including  varieties  that  are  crumbling  and  earthy,  compact  and  flinty,  finely  laminated 
and  shaly,  sometimes  dull  and  opaque,  sometimes  translucent,  with  pearly  or  waxy 
lustre,  and  with  chalcedonic  alterations  in  the  older  parts.  The  deposit  may  occur  as 
an  incrustation  round  the  orifices  of  eriiptiou,  rising  into  dome-shaped,  botryoidal, 
coralloid,  or  columnar  elevations,  or  investing  leaves  and  stems  of  plants,  shells, 
insects,  kc.,  or  hanging  in  pendant  stalactites  from  cavernous  spaces  which  are  from 
time  to  time  i*eaehed  by  the  hot  water.  When  purest,  it  is  of  snowy  whiteness,  but  is 
often  tinted  yellow  or  flesh  colour.  It  consists  of  silica  84  to  91  per  cent,  with  small 
proportions  of  alumina,  ferric  oxide,  lime,  magnesia  and  alkali,  and  from  5  to  S  per 
cent  of  water.  (See  Book  III.  Part  II.  Sect.  iii.  §  3,  p.  609.) 

Flint  and  Chert  have  been  already  described  among  the  rocks  of  organic  origin 
(pp.  179,  180).  Hornstone,  an  excessively  compact  siliceous  rock,  usually  of  some  dull 
dark  tint,  occurs  in  nodular  masses  or  irregular  bands  and  veins.  The  name  lias  some¬ 
times  been  applied  to  tine  flinty  forms  of  felsite.  Vein-Quartz  may  be  alluded  to  here  as 
a  substance  which  sometinies  occurs  in  large  rnasse.s.  It  is  a  massive  form  of  quartz 
found  filling  veins  (sonietiines  many  yards  broad)  in  crystalline  and  clastic  rocks  ;  more 
especially  in  metamorphic  areas.  (See  Quartzite,  p).  2-49.) 

II  Eruptive — Igneo'us — Massive — U NSXRATnaEi). 

A-lmost  all  the  members  of  this  important  subdivision  have  been 
produced  from  tvithiii  the  crust  of  the  earth,  in  a  molten  condition.  The 
circumstances  under  which  they  have  come  to  occupy  their  present 
positions  will  he  discussed  in  later  parts  of  this  work.  We  are  here 
concerned  with  their  characters  as  masses  of  mineral  matter.  Great 
divergence  of  opinion  still  exists  as  to  the  best  system  of  classificatiori  to 
he  followed  in  regard  to  them.  As  Mr.  Teall  has  pointed  out,  they 
piossess  seven  groups  of  characters  which  may’  be  used  as  bases  for 
schemes  of  arrangement.  1st,  chemical  composition ;  2nd,  inirieralogical 
composition  ;  3rd,  texture ;  4th,  mode  of  occurrence  in  the  field,  as 
in  their  relation  to  sniTounding  rocks,  structural  features,  ;  5th, 
origin;  6th,  geological  age  (distribution  in  time);  7th,  locality  (dis- 

^  Zirkul,  ‘Lehrb.’  iii.  p.  581. 
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tril3ution  in  space).^  In  any  system  of  classification  it  must  obv'K  ^  ^ 
be  desirable  to  found  it  upon  cbaracters  that  are  easily  ascerta.in<3<l  ^ 
about  whieh,  ivhen  so  ascertained,  there  can  be  no  room  for 
Tried  by  this  standard  some  of  the  seven  groups  of  characters 
enumerated  must  clearly  be  set  aside  as  insufficient  of  theimselyeiS  to  ^ 
the  basis  of  a  satisfactory  arrangement,  though  they  may  be  ma.de  u-"*'  ^ 
in  subordinate  grouping.  Thus  the  Distribution  of  Rocks  in  , 

naanifestly  inadequate  for  the  purpose,  for  though  there  are  petrogra^p  ** ' 
provinces,  each  presenting  a  more  or  less  distinct  assemblage  of 
with  certain  characteristic  relations  between  them,  the  rocks  are  in  , 

cases  not  to  be  distinguished  by  any  essential  feature  from  similjzr 
in  other  provinces.  Ror  is  the  question  of  Origin  more  avgtilu-l>D* 
dealing  with  the  igneous  rocks  as  a  whole,  being  too  vague  in  itself 
our  knowledge  of  the  subject  being  often  exceedingly  limited.  .  ^ 

A  much  better  foundation  for  a  scheme  of  classification  is  afloi’* 
by  Texture,  or  the  internal  structure  of  rocks.  Microscopic 
having  revealed  the  existence  of  three  leading  types  of  micro-strncbiii'’*" 
Granular,  JPor^hyritic  and  Glasmj,  or  Holocrystalline,  flemicrydaZliri^'  ’ 
Fitnows,  a  threefold  grouping  of  the  igneous  rocks  has  accordingly^  |  ^ 

made  on  this  basis.  Again,  MM.  Touque  and  Michel-L6vy,  pointing  *;  * 
that  most  eruptive  rocks  are  the  result  of  successive  stages  of  cryshiil  1  * 
tion,  each  recognisable  by  its  own  characters,  show  that  two  phases  of 
solidation  ai'e  specially  to  he  observed,  the  first  (porphyritic)  I 

the  formation  of  large  crystals  (phenocrysts),  which  were  often  brokoii  * 
corroded  by  mechanical  and  chemical  action  within  the  still  unsolididi  ^ 
magma;  the  second  by  the  formation  of  smaller  crystals,  cry's t * 
(fee.,  which  are  moulded  round  the  older  series.  In  some  rooks  t 
former,  in  others  the  latter  of  these  two  phases  is  alone  present. 


Two  leading  tyi>es  of  structure  are  recognised  by  these  antliors  among  tli«3  -A* 
eruptive  rocks.  1.  Graiii  to  id  (T),  where  the  coiistitaents  are  of  two  epoolis  of 
solidation,  similar  iu  character,  and  where  neither  amorphous  uiagina  nor  c-ryst-al  l«  * 
are  to  beseem  This  structure  includes  three  varieties:  (a)  the  GrauUic.  having  cry 
of  approximately  equal  size,  and  where  the  quartz  is  moulded  round  the  otlicj*  «  * 
stituents;  (/3)  GrafuUiHc,  where  the  q_uartz  tends  to  assume  partially  its  crystal  log  ra 
forms;  PegufUitoul,  where  there  lias  heeu  a  simultaneous  crystallisation  of  1:110  <(11.*  - 
and  felspar  in  graphic  form.  2.  Porphy  ric  (II),  where  two  epochs  of  eonsolidirtioi  i 
recognisable  iu  distinct  products,  the  second  heiiig  finer  than  the  first.  Five  v'lrri#’!  ‘ 
are  distinguished:  (a)  Microgni'nitic  (as  under  P)  ;  (/3)  Microgrctmditic ;  Qy')  3f 
fegmntolcl ;  (0)  Glohdcir,  with  radial  spherulites  impregnated  with  quartz  orieii.tc«i 
one  optical  direction,  the  base  being  often  composed  of  irregular  grains  of  qpuai*tz 
felspar;  [tt)  Petrosiliceonti ;  horni- crystalline  to  vitreous,  with  lines  of  spherulites.  "'I  ^  * 
Basic  eruptive  rocks  likewise  display  the  same  two  structure -types,  but  with  a  difTciri  •!#  >^  / 
Thus:  1.  Granitoid  (P),  having  an  entirely  crystalline  structure,  which  may*  lie  rill  ^ 
(5)  Granuldr,  where  a  felspiar  is  moulded  round  the  other  elements  wiiicli  li,*.  ^ 
crystallised  in  every  direction  ;  or  (o})'Op?iitic,  where  a  hisilicate  (pyroxene,  ampliil 
serves  as  a  cement  to  the  crystals  of  felspar  or  other  constituents.  2.  Trachy  toi  d  j  t  I 
which  may  be  entirely  crystallised,  as  (5)  Gfrccnular  (as  under  T),  or  (w)  or  j**  ^ 

range  from  crystalline,  through  hemi- crystalline  to  vitreous,  and  is  then  dist:,iti|:i;'iUfr«.I^  r 


^  ^British  Petrography,’  p.  64. 
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'/^)  Mkrolitk,  where  iiiicrolites  have  been  developed,  usually  more  or  less  linearly 
Liped  as  in  flow-structure,  with  perlitic  and  variolitic  varieties.^ 

Strong  arguments  have  been  adduced  in  favour  of  making  the  mode 
occurrence  of  rocks  in  the  held  the  main  foundation  of  a  classification 
igneous  I'ocks.  If  the  wide  range  of  diversity  in  composition  and 
:ture  among  those  mineral  masses  were  neglected  such  a  geological 
angement  might  serve  sufidciently  the  purposes  of  the  field-geologist, 
mgh  even  he  in  a  denuded  region  cannot  always  be  sure  of  the  real 
ucture  and  mode  of  occurrence  of  some  rocks  which  may  have  con- 
idated  beneath  as  sills,  or  may  have  reached  the  surface  as  lavas, 
me  petrographers,  however,  recognising  the  right  of  the  geologist  to 
ist  that  in  any  system  of  arrangement  the  geological  behaviour  of  the 
ks  shall  be  considered,  have  advocated  the  adoption  of  a  geological 
)uping  as  the  leading  feature  of  their  scheme.  The  most  noteworthy 
3rt  of  this  kind  has  been  made  by  Professor  Eosenbusch,  who,  somewhat 
urging  the  time-honoured  arrangement  into  plutonic  and  volcanic, 
>ups  the  igneous  rocks  in  three  great  sections :  1st,  the  deep-seated 
ks  (Tiefen-gesteine),  which  have  consolidated  as  plutonic  or  intrusive 
sses  far  below  the  surface,  and  are  distinguished  by  a  hypidiomorphic 
i,nular  structure ;  2nd,  dyke-rocks  (Grang-gesteine),  which  may  have  been 
ecbecl  as  dykes  and  veins  at  a  less  distance  from  the  surface  (hypahyssal), 
>ugh  some  portions  of  them  may  come  above  ground  in  volcanic 
;ptions — they  are  marked  by  a  panidiomorphic  or  porphyritic  structure  ; 
1  3rd,  the  effusive  or  volcanic  rocks  (Erguss-gesteine),  which  have 
aped  to  the  surface  and  have  there  solidified — they  ^Dossess  a  por- 
7ritic  structure.  Each  of  these  three  great  divisions  is  further  separated 
0  families,  according  to  mineralogical  composition,  l)egirniing  with  acid 
>es  and  ending  with  the  most  basic.  The  distinguished  Heidelberg 
dessor,  in  thus  endeavouring  to  reconcile  the  conflicting  claims  of  the 
d-geologist  and  the  mineralogical  petrologist,  deserves  the  thanks  of 
h.  But  his  scheme,  though  it  looks  logical  and  well  considered,  fails 
satisfy  the  requirements  of  either  school.  The  idea  of  arranging 
ptive  rocks  in  accordance  with  the  condition  tinder  which  they  have 
.dified  has  of  course  been  familiar  to  geologists  for  several  generations. 
3p-seated  intrusions,  with  their  apophyses  and  dykes  have  been 
Dgnised  as  generally,  though  not  invariably,  possessing  characters 
erent  from  those  of  lavas  that  have  been  poured  out  at  the  surface. 
:  these  characters,  though  well  adapted  for  use  among  the  several  suh- 
isions  of  the  classification,  are  insufficient  in  themselves  to  aftbrd  a 
?ting-point  for  the  whole  scheme.  We  must  remember  that  the 
3ses  of  material  which  have  reached  the  surface  are  the  upward  pro¬ 
bations  of  masses  that  solidified  below  it,  that  they  represent  diflerent 

Foiiqiie  and  Micdiel-L(wy,  ‘  Mineralogie  Micrographiqiie,’  p.  150;  and  Michel-Levy, 
ucture  et  Classification  des  Koches  I^riiptives,’  1889,  pp.  29,  37.  The  last-named 
or  has  devised  an  ingenious  system  of  notation,  whereby  the  structure  and  composition 
pieous  rocks  can  be  briefly  described  in  definite  symbols.  Tlie  notation  for  Structure  is 
leans  of  Greek  letters  (capital  and  small),  as  shown  above.  The  symbols  for  Composition 
^•iven  on  p.  200. 
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portions  of  what  was  one  continuous  bodj^,  that  we  cannot  always  l>e 
sure  whether  what  is  now  at  the  surface  appeared  there  at  first  or  has 
only  been  laid  bare  by  denudation,  and  that  Ave  are  still  very  ignorant 
of  the  conditions  under  which  at  different  depths  the  molten  magma 
would  consolidate  and  of  the  corresponding  textures  which  it  would 
assume.  It  has  been  objected  to  Professor  Rosenhuschs  scheme  that 
each  division  is  made  to  include  rocks  which  likew’-ise  come  into  the 
others,  and  to  exclude  rocks  which  it  might  properly  comprise.  Thus 
his  division  of  the  deep-seated  rocks  comprehends  the  granites,  yet 
some  granites  have  been  demonstrated  to  he  ly  no  means  deep-seated, 
but  to  have  solidified  not  far  below  the  surface,  while  other  members  of 
the  division  have  risen  in  dykes  and  have  actually  consolidated  above  the 
surface.  Again  his  dyke-rocks  have  not  all  been  found  in  dykes,  nor  do 
they  include  all  the  rocks  that  have  been  so  found.  His  effusive  rocks 
in  like  manner  are  made  to  comprise  rocks  Avhich  have  certainly  con¬ 
solidated  at  great  depths,  as  well  as  many  others  which  occur  in  veins 
and  dykes.  Useful  therefore  as  the  arrangement  may  be  as  a  convenient 
grouping  in  discussing  the  tectonic  structure  of  a  region,  it  is  insufficient 
alike  for  the  petrographer  and  the  geologist,  who  require  a  more  precise 
and  easily  applied  scheme  which  shall  not  involve  hypothetical  assump¬ 
tion  nor  contradict  experience  in  the  field. 

The  geological  age  of  igneous  rocks  has  by  other  petrographers  been 
used  as  a  general  ground  of  classification.  Long  before  petrography  had 
reached  its  modern  development,  and  when  the  intimate  mineralogical 
composition  of  rocks  was  most  imperfectly  known,  the  \Yernenan  doctrine 
still  survived  that  there  had  been  a  progressive  change  in  the  characters 
of  crystalline  rocks  during  the  course  of  geological  time.  It  was  a 
favourite  belief  that  those  igneous  masses  which  were  erupted  prior  to 
the  Secondary  periods  differed  materially  from  those  that  appeared 
after  them  in  Tertiary  and  recent  time.  Tlie  one  series  was  classed  as 
•‘older”  and  the  other  as  “younger.”  The  idea  still  to  some  extent 
survives  in  Professor  Zirkebs  classification  and  in  that  of  Professor  Roseii- 
biisch,  wherein  the  older  or  palaeo-volcaiiic  are  separated  from  the  younger 
or  neo-volcanic  effusive  rocks.  It  has  been  elaborated  in  great  detail  by  M. 
jMichel-Lcwy,  who  maintains  that  the  same  volcanic  types  haA*e  ]>eeii 
reproduced  nearly  in  the  same  order  in  the  two  series,  though  basic  rocks, 
often  with  vitreous  characters,  rather  predominate  in  the  later.^  It  must, 
indeed,  be  admitted  that  certain  broad  distinctions  between  the  older  and 
the  later  eruptive  rocks  have  been  well  ascertained,  and  appear  to  hold 
generally  over  the  world.  Among  these  distinctions  may  be  mentioned 
as  more  characteristic  of  the  Palsaeozoic  rocks  the  presence  of  microcline, 
turbid  orthoclase  in  Carlsliad  twins,  muscovite,  enstatite,  bronzite,  diallage, 

^  See  J.  T>.  Dana,  Aiiier.  J.  Sd.  xvi.  (1878),  p.  336.  IVIicliel-Le^vy,  BiolL  y^oc.  Giol.  F mace, 
3rd  ser.  iii.  (1874),  p.  199  ;  vi.  p.  173  ;  A  mi.  des  Mine.%  viii.  (1875) ;  ‘  Structures  et  Classi- 
■ficatioii  des  Roclies  l^jriiptiv'es,’  1889  ;  “  Clas.sificatiou  rles  magmas  des  lioclies  Emp)tives,”  Jl. 
S.  (r.F,  xxr.  (1897),  pp.  326-377.  Foxiqiie  and  Midiel-Levy,  ‘  Mineralogie  Microgr.’ in 
150.  Reyer,  ‘  Pliysik  der  Eruption en,'  1877,  Part  iii.  opposes  tlie  adoption  of  relative  age  as 
a  tasis  of  elassificatioiT. 
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mineral  composition  of  these  rocks. ^  The  initial  letters  of  the  minerals  are  s 
capitals  being  employed  for  the  ferriiginons  series,  and  small  lettei’s  for  the  oo 
constituents,  while  those  ingredients  which  are  in  such  small  quantity  as  to  h? 
speak,  accidental  constituents  are  distinguished  by  italics.  The  symbols  arc 
from  left  to  right  in  their  usual  order  of  &iisolidation.  The  minerals  of  tl 
consolidation,  in  debris  more  or  less  resorbed,  are  marked  by  a  line  above  their 
those  rtf  the  second  consolidation  by  a  line  below  their  letters.  The  Greek 
indicating  the  structure  are  placed  at  the  heginiiing.  The  following  exainpl 
show  the  application  of  the  system  : — 

1.  Granite,  Ta  with  contacts  Hay — [Sol 2^2^^)  (tiaia'ia;})(q). 

2.  Gabbro,  Pto  (ta,^)  (P.-j)- 

The  Granite  (1)  is  a  granitoid  (P)  rock  with  a  granitic  (a)  structure,  and  its  rr 
show  porphyric  structures  (II),  partly  micrograiiitic  (a)  and  partly  micropegnrato 
It  consists  of  the  following  minerals  in  their  order  of  consolidation Apatite 
zircon  {F^),  sphene  and  allanite  {F^),  all  in  small  amount  as  accessory  but 
constituents.  Then  come  also  in  feeble  quantity,  bronzite  (ifh),  malacolite 
grey  arnphibole  with  abundant  black  mica  (M).  To  these  minerals  as  prodi 
the  first  consolidation  must  be  added,  as  essential  constituents,  oligoclase  (t- 
orthoclase  (a^).  The  minerals  of  the  later  consolidation  include  some  orthoclas 
albite  (a^)  and  abundant  quartz  (q).  The  Gabbro  (2)  has  a  granitoid  or  hoi  eery's 
structure  (P),  with  an  ophitic  {ca)  arrangement  of  its  minerals,  which  consist  of  a 
proportion  of  magnetite  titanic  iron  spinel  apatite  [F^),  and  zircoi 
abundant  olivine  (0)  and  hypersthene  (Hj)  and  bronzite  (Hg)  ;  a  little  brown 
blende  and  black  mica  (Jf) ;  a  good  deal  of  labrador  and  anorthifce  felspar 
In  the  second  consolidation  these  fels[vars  also  appear  together  with  much  diallage 

In  the  vast  majority  of  igneous  rocks,  the  chief  silicate  is  a  felsp 
the  mmber  of  rocks  where  the  felspar  is  represented  by  another  si] 
(as  leiicite  or  iiepheline)  being  comparatively  few  and  unimportant, 
the  felspars  group  themselves  into  two  divisions,  the  monoclini 
orthoclase,  and  the  triclinic  or  plagioclase,  the  former  with,  on 
whole,  a  preponderance  of  silica  ;  and  as  these  minerals  occur  n 
tolerably  distinct  and  definite  conditions,  the  felspar-bearing  Ma 
rocks  have  sometimes  been  divided  into  two  series :  (1)  the  Ortho 
rocks,  having  orthoclase  as  their  chief  silicate,  and  often  with  free  j 
in  excess,  and  (2)  the  Plagioclase  rocks,  where  the  chief  silicate  is  s 
species  of  triclinic  felspar.  The  former  series  corresponds  general! 
the  acid  group  above  mentioned,  while  the  plagioclase  rocks  are 
termediate  and  basic.  It  has  been  objected  to  this  arrangement 
the  so-called  plagioclase  felspars  are  in  reality  very  distinct  mine 
with  proportions  of  silica,  ranging  from  43  to  69  per  cent ;  soda  1 
G  to  12  ;  and  lime  from  0  to  20.^  In  addition  to  the  felspar-rc 
those  in  which  felspar  is  either  wholly  absent  or  sparingly  present, 
where  the  chief  part  in  rock-making  has  been  taken  by  nepheline,  leu 
olivine  or  serpentine  must  make  another  family  or  series  of  groups.^ 

^  “  Struct,  et  Classif.  cles  Roches  iSnipt.  ’  p.  37. 

^  Dana,  Amer.  Journ.  ScL  1878,  p.  432.  The  modem  methods  of  separating  tlr 
spars  remove  some  of  the  ditficnlty  above  referred  to. 

^  A  large  amount  of  writing  has  been  devoted  to  the  subject  of  the  classification  0 
igneous  rocks.  In  addition  to  the  works  of  MM  Fouque,  Michel- Ldvy  and  Rosen  hi 
already  cited,  the  following  deserve  the  attention  of  the  student :  Zirkel's  ‘  Petrogra| 
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In  Professor  Koseiibusch's  scheme  of  classification  the  cliemico-niin era- 
logical  characters  of  the  igneous  rocks  are  chosen  as  the  l>asis  of  the  group¬ 
ing  ill  each  of  his  three  great  (li\^isions.  Thus  he  places  together  those 
rocks  which  are  especially  marked  by  the  presence  of  an  alkali  felspai* 
(orthoclase,  microcline,  aiiorthoclase,  albite) ;  the  lime-soda  felspar  rocks 
form  another  series.  'There  are  likewise  groups  in  whicli  the  place  of  the 
felspar  is  taken  by  leiicite,  hy  nephelioe,  or  hy  melilite,  and  others  in 
which  no  felspar  or  felspathoicl  mineral  is  present,  hut  where  the  con¬ 
stitution  is  pyroxenic  or  peridotitic. 

It  must  be  confessed  that  up  to  the  present  time  no  such  system  of 
arrangement  of  rocks  has  been  devised  as  will  harmonise  and  satisfy  the 
claims  of  the  held-geologist,  the  petrographer  and  the  chemist.  In  tlie 
following  pages  no  attempt  will  he  made  to  do  more  than  place  the  rocks 
in  a  general  progressive  order  from  the  most  acid  to  the  most  basic. 
’Where  convenient,  those  having  the  same  general  characters  or  occurring 
ill  nature  associated  with  each  other  will  be  grouped  together  in  families. 
Thus  in  the  first  pait  of  the  list,  rocks  will  be  found  in  which  the  silica 
percentage  is  not  less  than  60  and  may  eveu  exceed  80,  the  acid  being 
in  such  ex-cess  as  to  have  separated  out  as  free  quartz.  The  structure  of 
these  rocks  ranges  from  the  most  coarsely  ciystalline-granular  (granitic) 
through  various  stages  of  hemi-crystalline  (porphyritic,  trachytoid)  to  the 
most  perfect  glass  (vitreous,  as  in  obsidian).  After  these  qiiart5:ose  rocks 
comes  a  large  series  in  which  quartz  is  either  absent  or  appears  only  in 
small  quantity,  the  silica  percentage  ranging  from  55  or  less  to  66.  In 
this  intermediate  series  a  similar  diversity  of  texture  and  structure  may 
he  traced.  At  the  one  end  stand  thoroughly  crystalline  granitoid  rocks, 
such  as  many  syenites,  while  at  the  other  come  various  forms  volcanic 
glass,  such  as  the  pitehstones  of  the  trachytes  and  andesites.  Beyond 
these  rocks  we  enter  a  third  assemblage,  distinguished  hy  the  dropping 
of  its  silica  percentage  generally  helow,  and  in  the  extreme  forms  con¬ 
siderably  below,  50.  These  basic  rocks  display  holo-crystallinc  granitoid 
forms  and  many  successive  variations  of  hcmi-cry.stalline  structure  until 
they  once  more  lead  us  to  thorough  volcanic  glasses. 

The  petrographical  nomenclature  of  the  Eruptive  Books  is  in  no 
better  plight  than  their  classification.  By  the  progress  of  investigation 
it  has  been  more  and  more  conelusirelj  ascertained  that  the  hard  and  fast 
lines  once  supposed  to  separate  the  various  species  of  these  i*ocks,  and 
which  were  expressed  by  distinct  names  in  the  terminology,  do  not 

i.  p]).  636-842,  especially  from  \>,  829  ;  Vogelsang,  E.  D.  (r.  (>,  xxiv.  p.  507  ;  Los.sei], 
(bid.  p.  782;  O.  Lang,  ExIiej'inaPs  JIUtheil.  xi.  (1890),  p.  467  ;  Urofensor  Bomiey,  Presi¬ 
dential  AiUlress  to  GJe{)L  Soe.  1885;  Briig^ger,  ‘Die  EriqUivge.steinc  <le.s  Kristian iageLi(^te«. 
r.  Die  GeHteiiie  <ler  (irorudit-riiiguait-Se.rie,’  Cliristia-nia,  1894  ;  J.  V,  Idjlitigs,  Jimrn.  GeoL  i. 
(1898),  p.  833  ;  vi.  (1898),  p]).  92,  219  ;  'Wliitinan  Cross,  op.  cit,  p.  79  ;  and  the  import¬ 
ant  paper,  .x.  li)02,  p.  555,  piiLli.shed  while  tliese  page.s  are  passing  through  tlie  ]>resH  ; 
W.  H,  Hobbs,  tip.  ('it,  viii.  (1900),  p.  1  ;  J.  K.  Spnrr,  A\ne.t\  (teoL  x%y.  (1900),  ]>.  210  ;  F. 
Lcewinson-Le.ssing,  Ctnigres  OM.  Inte'rncd.  Peterslnirg  (1897),  ‘Mdmoire.s,”  )>P'  53-73,  193- 
464;  J.  Walther,  ibkZ.  p.  10;  A.  Osanu,  Tsr.hr rifuiE s  Miithdl.  .xix.  (1900),  pp.  351-469  ;  ‘xx. 
(1901),  pp.  400-558 ;  xxi.  (1902),  p.  365  ;  A.  Harker,  Adnire  Pro(jvpsH,  iv.  (1  895-96),  p.  469. 
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really  exist  in  nature.  It  has  been  found  that  one  rock  graduates  into 
another,  and  that  the  variations  of  their  composition  and  structure  are 
often  to  be  traced  rather  to  differences  in  the  conditions  under  which  they 
have  consolidated  than  to  any  marked  divergences  in  the  original  magma. 
Thus  a  body  of  acid  rock,  such  as  granite,  may  be  found  to  niergc 
insensibly  into  a  peripheral  basic  envelope,  including  even  such  ultra-basic 
material  as  serpentine.  There  has  been  in  large  eraiitive  masses  a  complc.v 
process  of  differentiation  whereby  the  initial  constituents  have  separated 
more  or  less  completely  from  each  other,  thus  givdng  rise  to  widely 
diverse  types  of  rock  in  what  was  originally  one  body  of  material.  I  he 
nature  and  effects  of  this  process  can  best  be  studied  in  large  intruKive 
bosses,  and  will  therefore  be  discussed  in  Book  IV.  Part  VII.  Sect,  i.^  In 
the  meantime  it  will  be  obvious  that  if  such  is  the  actual  variable 
character  of  the  igneous  rocks  we  ought  not  to  attempt  our 
terminology  a  rigidity  which  does  not  exist  in  nature,  but  should  aim  at 
keeping  it  elastic  enough  to  include  not  only  well-defined  species  but 
transitional  forms,  and  to  indicate  as  far  as  possible  the  actual  petro- 
graphical  relationships  of  the  rocks. 

The  present  nomenclature  of  the  eruptive  rocks  is  a  curiously  jiimlded 
patch-work,  which  has  grown  up  with  the  gradual  increase  of  knowledge, 
but  on  no  settled  system  or  plan.  Like  the  terminology  of  the  stratified 
formations  in  geology,  it  reveals  in  its  very  names  the  successive  stages 
of  advancement  through  which  the  study  of  rocks  has  passed.  Some  of 
these  names,  such  as  Syenite  and  Basalt,  go  back  to  Roman  times,  and  are 
to  be  found  in  Pliny’s  ‘Natural  History.’  Others  are  adaptations  of  tin* 
popular  names  of  the  rocks  in  the  districts  where  they  were  first  studied, 
as  Gabhro,  Minette,  Halleflinta  and  Forellenstein.  Some,  again,  date 
from  the  days  before  the  rise  of  geology  when  the  rocks  were  under 
care  of  the  mineralogists,  who  named  them  from  some  obvious  external 
character,  such  as  lustre  (Perlite,  Pitchstone)  ;  texture  (Ilornstone, 
Porphyry) ;  colour  (Melaphyre) ;  sound  emitted  when  struck  (Olinkstone, 
Phonolite)  ,*  roughness  to  the  touch  (Trachyte) ;  indistinctnciss  or 
deceptiveness  of  the  constituent  minerals  (Aphanite,  Dolerite) ;  obviouH- 
ness  of  these  minerals  (Diorite) ;  arrangement  of  the  minerals  (Pegmatite). 
As  more  detailed  examination  of  the  rocks  revealed  some  of  their  internal 
characters  names  expressive  of  these  were  applied  to  them,  such  as 
Tachylyte,  Hyalomelane  and  Eurite,  so  called  from  their  easy  fusibility, 
and  Pyromerid,  from  its  partial  fusibility.  When  they  were  foxxnd  to  be 
of  very  different  ages  terms  were  sometimes  introduced  to  express  relative 
antiquity,  such  as  Proterobas,  Palseopicrite,  Palaeodolerite.  Eventually  a 
preference  came  to  be  shown  for  geographicaldesignations,  generally  marking 
the  place  where  a  rock  was  first  recognised  or  where  it  was  specially  well 
developed;  hence  arose  such  names  as  Andesite,  Vogesite,  Predaz/j'te, 
Tonalite.  This  practice  has  now  become  general,  and  has  introduced  into 
petrography  many  uncouth  terms.  From  Norway  we  have  received  a 
host  of  new  words,  including  Grorudite,  Solvsbergite,  Tinguaite  ;  from 
Western  America  comes  the  Absarokite-Shoshonite-Banakite  series. 
As  such  names,  though  descriptive  of  typical  localities  and  therefore  of 
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mica,  aometimas  potadi-mca.  and  not  infre,i,ently  liovnblerule  1 

.uarta  and  felspar,  form  a  granular  aggregate  m  which  the  ^mn.  .  U  ^  “h 

'crystal  forms,  are  of  fairly  equal  size,  and  in  which  the.  other  mincMl.s.  d  •  • 

^  Some  varieties  are  so  coarse  as  to  ])H  s<  nt.  iii»  n 

®  quartz  ami  fels})ar  in  lunqw  several  niches  ni 

diameter.  From  this  extnmm  every  gnidat  ion 
may  he  traced  to  such  an  exia'edin^ly  tine 
texture  as  not  to  be  separable  by  the  nak(‘d 
eye  into  the  clitferent  inimo’als.  Tlimv  is 
never  any  base  or  cronud-maHs  between  tlie 
minerals,  granite  being  a  typi<‘al}y  lioloerys- 
talline rock  (Figs.  14aml  !>«).  Oceasionally  tlie 
ortboclasemay  be  seen  to  present  a'-rystal  liiee 
to  the  quartz;  much  more  ni rely  tin*  ({luirtz 
itself,  which  is  generally  in  aaigular  or  irr«*gnilar 
grains,  shows  its  pyramidal  tcrminat lon.s. 
Tlie  orthoclase.  is  freipiently  llesh-eoloiired  ami 
aUvays  dull  or  milky.  Intergrowths  ot  the 
Fig.  28.— Holocrystnlliue  Structure  of  (irauiie  felspar  and  alhite  give  rise,  to  the  fonna- 

(luagnitied).  Wow  micropcrtliiU.  The  plagioelaHc  is  HHiially 

oligoclase,and  maybe  distinguished  hyits  tine  parallel  striation  on  tlie  basal  cleavage,  plam*. 

As  au  example  of  the  method  rederred  to  on  p.  11(1  for  isolating  th(‘  mineral 
constituents  of  rocks  reference  may  be  made  here  to  the  highly  intm’esting  ami  insiim.” 
tive  memoir  by  Professor  Sollas  on  the  Granites  of  Leinster.  ‘  By  that  method  it  was 
found  possible  to  isolate  and  study  the  zircons,  apatites,  biotites,  luuHeiivibts,  fidspars 
and  quartz.  Their  crystallographic  forms  could  he  measured  ami  their  inioriial  zones 
of  growth  could  be  examined.  Of  the  felspars  the  soda-lime  spiicies  wutre  found  to  be 
most  abundant,  varying  from  oligoclase  to  albite.  Microliiie  was  more  plentiful  than 
orthoclase,  the  latter  being  absent  in  much  of  the  granite  of  the  distrii't. 

Many  granites  contain  irregularly  shaped  cavities  (miarolitic  striu'turi!),  in  whicth  the 
component  minerals  have  had  room  to  crystallise  in  their  ju'oper  forms,  and  whm'o 
beautifully  terminated  crystals  of  quartz  and  felspar  may  bo  observcal.  It  is  in  these 
places  also  that  the  accessory  minerals  (beryl,  topaz,  tourmaline,  garnet,  orthiic,  zircon 
and  many  others)  are  found  in  their  best  forms.  Kot  improbably  these*.  <*.aviti<*K  ■were 
somewhat  analogous  to  the  steam  holes  of  amygdaloids,  but  were  filhsl  witli  water 
or  vapour  of  water  at  a  high  temperature  and  under  great  pressure,  so  that  thri  con¬ 
stituents  could  crystallise  under  the  most  favourable  conditions.  Among  the  ecjinponcnt 
minerals  of  granite,  the  quartz  presents  special  interest  under  the  microscopr*.  It  is 
often  found  to  be  full  of  cavities  containing  liquid,  Ksometirnes  in  such  iminhers  as  to 
amount  to  a  thousand  millions  in  a  cubic  inch  and  to  give  a  milky  turbid  aspect  to  the 
mineral.  The  liquid  in  these  cavities  appears  usually  to  be  water,  either  purtf  or  con¬ 
taining  saline  solutions,  sometimes  liquid  carbon-dioxide  (p.  143). 

Varieties  of  granite  have  been  distinguished,  according  to  the  jjrevah'riee  of  some 
other  mineral  besides  the  fundamental  quartz  and  felspars.  Thus  under  tlu^  name 
.  Muscovite -granite  are  comprised  those  which,  besides  the  ([uartz  and  felspars, 
contain  potash-mica.  Biotite-granite  (Graiiitite)  includes  those  which  have 
magnesia-mica,  and  may  or  may  not  contain  also  a  little  hornblende.  Some,  granites 
have  both  muscovite  and  biotite-mica.  Hornblende-granite  comprel lends  those 
varieties  in  which  besides  the  quartz  and  felspar,  hornblende  is  also  ]>re.se4it,  while 
when  biotite  is  also  there  in  notable  quantity,  the  compound  is  termed  honihlende- 
biotite-gi’anite  or  hornblende -granitite.  Of  this  last-named  variety  is  the  well- 

^  Trans.  Roy.  Irish  Acad.  xxix.  (1891),  p.  427. 


SECT,  vii 


ERUPT! ROGia—GRANITE 


205 


tiiOAvn  Rapaki/wi  of  Finland,  so  much  employed  in  NoTtliem  R-iissia,  whicli  con¬ 
tains  egg-shaped  pieces  of  orthoclase  dispersed  tlimiigli  a  coarse-grained  matrix. 
Still  more  widely  familiar  is  the  rock  which  occurs  at  Syeiie  in  XJpx>er  Egypt, 
whence  it  was  obtained  anciently  in  large  Mocks  for  obelisks  and  other  architectural 
works,  and  of  wliicli  well-known  Egyptian  monoliths  are  made.  It  was  called  by 
Pliny  ‘‘Syenite,” — a  name  adopted  by  Werner  as  a  general  designation  for  horri- 
bleiidic  gianites  without  cpiartz.  Hie  rock  of  Syene  is  really  a  hornblende-biotite- 
granite.  In  Tourmaline-granite  tourmaline  takes  the  part  of  the  mica  or  horii- 
hlende.  ilugite-granite  contains  angite  and  black  niica.^  Aplite  (Halbgranit, 
Graiiitell)  is  a  granite  that  contains  hardly  any  silvery  mica  and  is  made  wholly  or 
almost  wdiolly  of  a  finely  granular  or  saecliaroid  aggregate  of  quartz  and  orthoclase  with 
a  little  plagioclase  ;  it  is  found  chiefly  in  veins.  P  rot  ogiii  e-granite  or  Alpine  granite, 
a  rock  that  enters  largely  into  the  structure  of  the  Alps,  is  distinguished  hy  the 
presence  of  a  light  greenish,  chloritic  or  sericdtic  mineral,  which  wlien  ahimdaiit  gives 
it  a  somewhat  schistose  aspect. 

Under  the  name  Giitniditc-  M. 

Micliel-kevy  includes  certain  fine¬ 
grained  granites  with  white  mica, 
which  to  the  naked  eye  ajtpear  to 
he  composed  entirely  of  felspar 
and  quartz,  or  of  felspar  alone, 
though  both  mica  and  (piartz 
aptpear  in  abundance  when  the 
.rocks  are  niicroscopically  ex- 
aniiiied.  He  includes  in  this 
category  most  of  the  rocks  of  the 
Alps  described  as  “  protogiiie.” - 

Most  large  masses  of  granite 
present  diflerences  of  texture  and 
structure  in  different  parts  of 
their  area.  Some  of  these  varia¬ 
tions  depend  on  the  relation  of 
the  mass  to  the  surrounding  rocks 
(see  posPu,  p.  724).  Others  may 
occur  in  any  portion  of  a  granite 
boss,  and  have  been  j)roduced  by 
the  circumstances  in  which  the 
mass  consolidated.  Some  granites 
are  marked  hy  the  peculiar  group¬ 
ing  of  their  component  minerals, 
others  by  the  occurrence  of  the 
cavities  above  referred  to,  where 
the  minerals  have  had  room  to 
assume  sharply  defined  crystalline  forms.  Many  granites  are  apt  to  he  traversed  by 
veins,  generally  rather  more  acid  in  composition  than  the  main  body  of  the  rock, 
and  sometimes  due  to  a  segregation  of  the  surrounding  minerals  in  rents  of  the 
original  pasty  magma,  sometimes  to  a  protrusion  of  a  less  coarsely  crystalline  (aplite, 
niicrogranite)  material  (Pig.  29).  Some  of  the  more  important  of  these  varieties 
are  distinguished  hy  special  names.  While  in  general  the  quarts;  and  felspar  are 
distributed  somewhat  evenly  in  regular  grains  of  fairly  uniform  size  through  a  large 
mass  of  rock,  they  have  sometimes,  especially  in  veins  outside  a  large  intrusive  mass 

^  On  Augite-grauite  of  Old  Red  Sandstone  age  in  the  Cheviot  Hills,  see  J.  J.  H.  Teall, 
Geo!.  Maej.  1885,  p.  10f>.  ^  210. 


Fig.  29. — Vein  of  finer  grain  (aplite)  traversing  a  coarsely 
crystalliii(5  Granite, 


tm 

}'rj*4:illi  ^‘’4  m  i  »  i? 

s»i  i*‘iif;ttiNti  m|  I  ;i  I  'M  i  ^ 

htinriui*‘  r-  T'  t  ♦ 

in  llll^  IM  i|4^  •  « /'  i- 

i,  ifiifjilifl',  ‘A- !m  'i 


I'i,; 


llll|*fil»  rt  t  '!  '  4  ^  ^ 

*%  A'l  llii?  i  !ii^  <  t''  '  ^  i  ' 

Tii»'  lttt»  miUt  i  il  f  L  ri  •  '  I  ,  -4  M  .  i  /■  1 '  .  ? 

llit**f*|lMl%lli  'w  <  lll-r  li  ^  '  4,,!i|u4,  .  .  ^  i 

fli#'  If!  t*t  III’  f  *  (;i  ,;!*.<  f!  '>•  i 

isiffii'.  Vi  f  '  h  J. '  • 

i*ltl  *1*  i»s|  rtW4f»  4  «*»  ■'  ’4  '4  u  .  .f  5 

ill*  li  llj»  'f  *  1  <1  <  i,/  >  «  1  ’•'<•, 

fW'I'lii.lf  Hi*  Pi  f*  ’'fu  In  .  *  -  • 

tt’id’  li  If  I  i<'  Jtp4«  i4  111  «  ’^1  I  -  r  ’  .  >1)1  ! 

ill  pf Ip  i  |fii  *  1^  *■  i  u  ii  ,,4\  ^  i  t  .i  ^ 

lllllt  If!  till  !!,*♦  t  p,  , 

H  KIP  PP  Ijl  i 

sr‘if|«  !**  I  t|t»  p.  '  /  4  p  !  I  IS,"  -  r'a 

tfl  iff  i »  II  Hi  PN!>  pf  1 1  •  P,  1 1,  *  M  < 

lK»rt»r  ^  I’tiiKllI*!  *<  !  f.tii'fi  ■<  \  u  f  ,  * 

flit  ti'  H,44)  ril  t|  t  s  ^  ^  '  j 

III'  5i  II  fll'i  fl*  M  I  I  K  ,  p  I  ,  .  * 

m|  »4lp  I  I  P‘  I.  %U  M#  ^  »  i  •  i  '  .  ,  - 

lli  141*  «  ,4,P  »  *•  ^(4’*'' 

P!  »  I  4  h  i  i  '  u  Sf 

«|t|p  J  ili  It  I  1  I  t  *  i'*  ‘  ^  f  •  5  1 

Hiaipi  t}|r  >  .  M  ■  I  '  I 

^  l.p  4.  .Ili4  ....  .  . 

KHiP‘1  l!  .  IP  AmP  .  .4 

*  4  /*<  4  /  It  ;  1(  ,  ,  I 

*■  .%  l4  ,  1,.^,.^  H  ,  ..  ,  I. 

iKim  ^  I  ‘, 

*  W  i’  llt.vvN  I  ‘4 .  Ill  I.  p  ,  . 

4;  44,.  ,  p  ,14.  ..... 

|.  |h;  I;  I  ,  i.  .  *  , 

•l‘l  illj  ,  /|p^/  h‘i  A  ..  f  f  ,  ,  .  j  , 


SECT.  Vll* 


BRVFTIVE  M)GKS~~GRAmTE 


207 


less  perfectly  schistose  arrangoiiieDt.  AVhen  this  takes  place,  the  rock  is  called  grieissose 
or  gneiss  granite.^  (See  Booh  IV.  Part  YIL  p.  723  etscq.) 

Tlio  specific  gravity  of  granite  varies  from  2-593  to  2-731,  and  the  chemical  composi¬ 
tion  of  some  of  its  varieties  is  shown  in  the  following  table  of  analyses  : — 


I. 

n. 

III. 

IV. 

V. 

VI. 

VI  I. 

ATh- 

SiO,. 

79-60 

72-24 

74  -82 

73-38 

71-90 

73-27 

66-83 

71  -6-2 

Tio; 

... 

0-35 

0-10 

0-54 

0-08 

Ah, a. 

16-40 

14-9-2 

16-14 

14-S6 

14-1-2 

15-51 

15-24 

14-99 

F(*.D, 

1  -5-2 

j  1-63 

0-10 

1-20 

0-33 

2  -7  3 

1-27 

FeO  ■ 

9-36 

i  9-23 

1  -5-2 

1  -64 

0-86 

1  -14 

1  -66 

1-01 

IMiiO 

0-48 

9-32 

0-05 

ti'ace 

0-10 

0-17 

MgD 

1-00 

9-36 

0-47 

0-23 

0-33 

0-15 

1-63 

0-74 

GaO 

2-47 

,  1  -68 

1-68 

()-S9 

1-13 

2-74 

3-59 

1-33 

Nad) 

4-14 

3-51 

6-1-2 

3-94 

4-52 

4-79 

3-10 

3-62 

k.>6 

4-29 

j  5-10 

3-55 

3-89 

4-81 

1-66 

4-46 

4-81 

Vfater 

0-82 

0-60 

'  0-68 

0-56 

1  0-41 

FVJ, 

1 

0-11 

trace 

0-18- 

trace 

zfo:> 

0-04 

0-04 

1 

Sr()“ 

1 

0-03 

BaO 

j 

0-04 

0-11 

Li.D 

! 

... 

trace 

C(l 

1 

0-21 

trace 

F 

0-06 

Cl 

0-02 

0-02 

t  race 

Fe8.> 

1  ... 

’ _ _ ! 

trace 

101-26 

1  99-99 

'  104-30 

;  100-25 

100*35 

100-37 

100  -82 

1  100*05 

I.  Prom  Strontian,  Argyllshire,  Scotland  :  coarse-grained  with  abundant  quartz  and 

pink  ortVioclase,  white  })lagioclase,  a  little  black  mica  and  some  titan ite. 
Analysed  by  Hangliton,  Tram.  Iloy.  Iridu  Acad,  1866,  p.  31. 

II.  From  Jloocharry  llridge,  Co.  Donegal,  Ireland  :  ])ink  orthoclase,  grey  plagioclase 

and  a  little  black  mica.  Analysed  by  Haughton,  Q.  J.  (J.  S^.  xviii.  ( ](S63),  p.  402. 

III.  From  Baveno  :  the  vv^ell-known  granite  with  pink  orthoclase,  w’hite  qilagiocUise, 

greyish -white  quartz  and  hlackisli-greeii  mica.  Analysed  by  Bunsen,  Roth’s 
‘  Gesteinsanalysen,’  1862,  p.  66. 

IV.  From  Bjbrketop,  Stockholm  :  grey,  fine-grained.  Analysed  by  Hasselbom, 

ffeol.  Utidersohi,  Section  Linde,  1873,  p-  16. 

Y,  From  Mount  Ascutney,  Vermont,  U.S.A  :  typical  granitite  ;  contains  quartz, 
orthoclase,  plagioclase  (niicro-pertbite),  biotite,  magnetite,  sjibene,  a})atite  and 
zircon.  Analysed  by  W.  F.  Hillebrand,  B%IL  U.  S.  G.  S.  No.  168  (ISOO),  pi.  24. 

VI.  From  Moore’s  Quarry,  Florence,  Massachu. setts:  biotite-granite,  very  felspathie; 

quartz  rare,  with  fiiiid  inclusions  ;  felspar  mostly  triclinic  ;  orthoclase  and 
niierocline  present  in  small  rpiaii  titie.s,  little  muscovite,  some  rutile.  Analysed 
by  Eakins,  Bull,  U.  JS.  G.  S.  No.  168  (1900),  p.  30. 

VII.  From  Yoseinite  Valley,  California:  hornblende-hiotite-granite  ;  contains  alkali- 

felspar,  plagioclase,  quartz,  aniphibole,  biotite,  magnetite  and  apatite.  Analysed 
by  \V.  Valentine,  JBtdL  U.  S.  G.  S,,  No.  168  (1900),  p.  208. 

VIII.  From  Hurricane  Eidge,  Crandall  Basin,  Ahsaroka  Liinge:  aplitedyke;  contains 
quartz,  orthoclase,  oligoclase,  biotite,  ' iiiagiietito,  some  chlorite  and  a  little 
hornblende.  Analysed  by  Eakins,  Bull.  U.  V.  G.  S.  No.  168  (1900),  }).  94. 
Surrounding  large  masses  of  granite  there  are  usually  uiinierouis  veins,  wliich  consist 
of  granite,  quartz- porphyry,  felsite,  or  other  me  in  her  of  the  granite  family.  These  veins 

^  On  foliated  granite,  see  a  pajier  by  J.  Horne  and  E.  Greenly,  Q.  ./.  (r.S.  lii.  (1896),  p.  633. 
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are  usuallv  much  finer  in  grain  than  tlie  main  body  of  the  rock  from  wliieh  they  .livcrw'. 
Lossen  has  shown  that  the  Bode  vein  in  tl.e  has  a  gimutoid 

T)orphyry  sides,  in  which  he  found  with  the  microscope  a  true  glassy  baaf .  1  ion  th 

margin  Jf  the  Tertiary  granite  and  granopl;yre  of  Skye  procewl  i.rond  dyk.-s,  wliud.  Hlnnv 
the  most  perfect  flow-structure  and  are  crowded  witli  splieruUtes.-  Smn.dinics  tlic  t.f-ks 
associated  in  this  way  with  granite  differ  in  composition  from  the  mam  granilr.  and  this 
is  nmre  especially  apt  to  occur  where  the  peripheral  part  of  tlie  gramto  has  assiimeil  a 
more  basic  cliaracter  than  the  rest  of  the  mass.  Tonmialine  is  one  o(  tl.o  <dianwt<-ri«t  ic 
minerals  of  granite- veins,  though  less  observable  in  tlie  main  boily  of  the  rook;  witb 

quartz,  it  forms  Schorl -rock.  . 

Granite  weathers  chiefly  by  the  decay  of  its  felsijars.  Those  arc  eoiiyertea  into 
kaolin,  the  mica  becomes  yellow  and  soft,  while  the  ([uartz  stands  out  scamdy  athictcil. 
The  granite  of  the  south-west  of  England  has  weathered  to  a  dcqdh  of  50  feet  and 
upwards,  so' that  it  can  be  dug  out  with  a  spade,  and  is  largely  used  as  a  souire  of 


porcelain-clay.  .  ,  i 

Granite  occurs  (l)as  an  eruptive  rock,  forming  huge  bosses,  whicli  nstj  through  othiT 
formations  both  stratified  and  unstratified,  and  sending  out  veins  into  the  Huriouiiding 
and  overlying  rocks,  which  usually  show  evidence  of  rniudi  alteration  as  tliey  ap}>roac-h 
the  gi-anite  ;  (2)  connected  with  true  volcanic  rocks  and  foriniiig,  perhuiw,  the  iow«‘r 
portions  of  masses  which  flowed  out  at  the  surface  as  lavas.  In  the  Tertiary  voleanie 
region  of  the  west  of  Scotland  masses  of  granite  and  granopliyre  have  pi(*reed  th(^  sheets 
of° subaerial  basalts  and  must  have  risen  near  to,  if  they  did  not  aetually  reiudi  the 
surface.  They  prove  that  granite  is  not  necessarily,  though  usually,  an  abysmal  remk. 

Granite -porphyry  (Micro- gran ite),*^  a  fine-grained  granitoid  rock  having  a  hoh». 
crystalline,  occasionally  gi’anophyric  (micropegmatitic)  matri.K,  composed  mainly  nf 
alkali-felspar  and  quartz,  through  which  are  dispersed  large  cry.stals  of  orthoedaso  and 
plagioclase,  with  smaller  blebs  and  imperfect  crystals  of  quartz,  hexagonal  platen  of 
biotite  and  occasionally  some  hornblende  or  pyroxene.  It  occurs  as  part  cd*  largo  boKsos 
which  consist  mainly  of  granite,  but  is  probably  most  frequently  found  in  voins  which 
no  doubt  are  connected  with  some  body  of  granite. 

The  variations  in  composition  and  structure  of  the  rocks  connected  with  largo 
eruptive  bosses  or  stocks  has  been  w^ell  worked  out  in  kSouthern  Norway,  where  ProfoKHor 
Brbgger  has  made  known  the  chemical  constitution  of  a  number  of  ilykes  and  vedns 
which  he  believes  to  represent  different  stages  in  the  differentiation  of  one  original 
magma.  The  most  acid  variety  found  by  him  is  the  following  :™ 

Grorudite— a  compact  greenish  fine-grained  aggregate  of  alkali-felspar  ami  albit<‘ 
(often  as  microperthite),  or  less  frequently  soda- orthoclase  (also  sonietimes  anorlliochiHi*), 
aegeriiie,  and  a  greater  or  less  abundance  of  quartz.  Some  of  tlichc  minerals  occur  alio 
in.  large  dispersed  crystals,  together  with  hornblende  and  mica.  This  rock  is  found  in 
numerous  veins  in  the  Christiania  district,  which  were  at  first  groiijied  a.s  cxaniploH  of 
aegerine-granite-porphyry.  It  is  regarded  by  Brbgger  as  the  acid  end  of  a  group  wiiich 
he  names  the  Grorudite- Tinguaite  series.  An  average  sample  has  the  following  chcniica! 
composition,  SiO.^  74*35  ;  AI2O3  8*73  ;  Fe^0.j  .5*84  ;  FeO  1*00  ;  MnO  0*22  ;  hlgO  0*07  ; 
CaO  0*45  ;  NaoO  4*51  ;  K2O  3*96  :  loss  0*25  ;  total  99*38.  But  great  (liffcroixjes  won* 
noted  between  the  chemical  constitution  of  the  centre  and  margitiBof  Home  of  the  dykes. 
Thus  in  the  centre  of  a  dyke  at  Grorud  the  percentage  of  silica  was  70*15,  while  that  of 
the  margin  was  only  66*50.  In  the  next  member  of  the  series,  called  Sblvsboigitc,  the 
silica  amounts  to  64*92  and  in  Tinguaite  to  no  more  than  56*58.  Tliesc  rocks  art* 
further  noticed  at  p.  221. 


1  Z.  D.  G.  G.  xxvL  (1874),  p.  856.  2  q  ^  ^394)^  221. 

^  J.  P.  ladings,  Monograph  xx.  U,  S.  G.  S.  Appendix  B,  p.  339.  The  term  Porphyry 
has  been  restricted  by  some  petrographers  to  rocks  in  which  the  alkali -felspars  are  predomiimnt 
(see  Porphyxite,  p.  219). 
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Quartz -pQ%hyry  (Eurite,  Mici^ogranite,  Elvan).^  This  term  has  been  variously 
applied.  In  Its  #idest  use  it  has  been  giade  to  include  rocks  which  have  a  minutely 
holocrystalline  (microgranitic)  texture,  luid  are  thus  only  fine-grained  varieties  of  gi’anite- 
porphyry ;  also  rocks  that  possess  a  base  %lj.ich  is  not  definitely  individualised,  but 
sometimes  inedudes  distinctly  devitrified  glass,  and  is  thus  linked  with  the  Rhyolites. 
The  term  is  here  employed  to  embrace  rocks  distinguished  by  an  exceedingly  close- 
grained,  grey,  pink  or  brown  ground-mass,  which  under  the  microscope  may  be  resolved 
into  a  microgranitic  aggregate  of  quartz  and  felspar,  not  infrequently  grouped  in  a  micro- 
pegmatitic  arrangement  (granophyre),  or  which,  if  not  so  fesolvable,  by  having  a 
cryptocrystalliiie  or  micro -felsi tic  texture  show  a  high  percentage  of  silica  on  being 
chemically  tested.  Through  their  ground-mass  are  scattered  phenocrysts  of  quartz, 
sometimes  in  doubly-terminated  pyramids,  and  orthoclase,  sometimes  with  plagioclase, 
biotite  and  hornblende. 

That  some  at  least  of  the  quartz- jjorphyries  were  once  probably  vitreous  rocks  and 
have  attained  their  present  condition  through  porocesses  of  devitrification,  has  long  been 
held  by  some  able  petrographers.  As  far  back  as  1867  Vogelsang  thought  that  the 
Halle  por])hyry  and  other  porphyries  which  he  had  seen  were  probably  once  vitreous- 
masses.^  And  Lossen,^  whose  observations  on  the  Bode  vein  have  already  been  cited, 
was  led  to  the  belief  that  the  ground-mass  of  the  Hartz  porphyries  had  once  been  a 
glass  like  obsidian.  Some  of  the  so-called  pitchstones  ”  appear  to  be  glassy  forms  of 
quartz- porphyry.  Thus  no  sharp  line  can  he  drawn  between  rocks  of  a  holocrystalline  and 
granitic  character  and  those  which  are  mere  glass.  Intermediate  varieties  maybe  found 
representing  the  successive  stages  from  the  one  condition  into  the  other.  ^ 

The  average  specific  gravity  of  the  quartz-porphyries  may  be  taken  to  be  about  2*65, 
and  their  chemical  composition  may  he  inferred  from  the  following  analyses  of  a  few 
illustrative  examples  : — 


I. 

II. 

III. 

IV. 

SiOo  . 

74-44 

71*46 

73*12 

72*79 

AU6.i  . 

13*51 

15*38 

14*27 

13*77 

Fe203  . 

0*30 

0*51 

3*32 

FeO  . 

2  *'25 

2*27 

0*26 

MgO  . 

0*01 

0*22 

0*24 

0*62 

CaO  .  .  . 

1*19 

0*47  • 

1*10 

1*94 

Na^O  . 

1*40 

2*79 

3*43 

4*12 

KoO  .  .  . 

5*31 

5*51 

4*90 

2-99 

HoO  . 

1-34 

1-70 

1*41 

1*08 

Tibs  . 

0*08 

P2O,  .  .  . 

0*03 

MnO  . 

trace 

0*06 

trace 

SrO  .  .  . 

trace 

BaO 

trace 

!  Li„0  . 

trace 

cd^  • 

0*77 

99-45  1 

100*10 

100*18 

100*63 

^  “Elvan”  is  a  Cornish  name  for  a  variety  of  qnartz-porpliyry,  which  forms  veins  that 
proceed  from  masses  of  granite  into  the  surrounding  slates  or  “Killas,”  or  are  only  found  near 
the  granite.  It  consists  of  a  crystalline-granular  aggregate  of  quartz  and  orthoclase.  J.  A. 
Phillips,  Q,  J.  G.  S.  xxxi.  p.  334. 

‘^Philosophic  der  Geologic,'  p.  194.  ^  AbhcmdL  Acad,  Berlin^  1869,  p.  85. 

^  Mr.  Pirsson  discards  the  term  ‘  ‘  quartz- porphyry  ”  as  logically  objectionable  and  adopts 
in  its  place  ‘‘rhyolite-porphyry,"  20th  Ann.  Rep.  U.  S.  O.  S.  Part  iii.  p.  520.  He  looks  on 
granite,  granite-porphyry,  quartz-porphyry  and  rhyolite  as  marking  phases  in  one  great 
continuous  series  of  rocks.  Bull.  XI.  8.  G.  8.  No.  139,  p.  81. 
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III. 


ly. 


Ground-mass  of  the  quartz-porphyry  flf  the  lower  Hokenuuonthnl  in  tl.o  Ilarfz. 

Analysed  by  Streng,  Keiies  JaM.  1860  p.  152.  , 

Fine-grained  “Elvan,”  Mellanear,  Cornwall.  Analysed  by  J.A.  I  hiHipH,  Q-  J- 

Oulrtz-porphyry,'  Yogo  Peak,  Montana  ;  plienocryst.s  of  ortlK.idas(i  and  .puulz  iii 
alround  mass  of  quartz  aard  alkali-felspar,  with  a  little  wlnte  nn-a  and  s<un,. 
krolin;  chlorite,  limonite  and  calcite  are  also  present,  p.soudunioi  plums  ,iltu 
biotite,  and  perhaps  hornblende  ;  total  amount  of  secondary  mnumals  very  small. 
Analysed  by  W.  F.  Hillebrand,  B.  U.  S.  G.  S.  No.  108  (WOO),  p.  l-.>. 

From  the  volcanic  series  of  Llyn-y-Gader,  Cador  Idris,  Wales.  Ai.alys.'d  by  .Mr. 
Holland,  Q.  /.  G.  S.  slv.  (1889),  p.  485.  The  large  proi)orti.)n  of  .soda  in 
thi.s  rock  conneets  it  with  the  siliceous  keratophyres  (p.  21  ^  ^ 

The  colour  of  the  quartz-porphyries  depends  chiefly  upon  that  c)f  the  kd.si>ar,  ^  pa  c* 
iiesh-red,  reddish-brown,  purple,  yellow,  bluisli  or  slate-grey,  ]uissiug  into  white,  being 
in  different  places  characteristic.  It  will  be  observed  in  this,  as  in  other  rooks  eontani- 
ing  much  felspar,  that  the  colour,  besides  depending  on  the  hue  of  that  mineral,  is 
greatly  regulated  by  the  nature  and  stage  of  decomposition.  A  rock,  weathering 
Eternally  with  a  pale  yellow  or  white  crust,  may  he  found  to  he  (lark  in  the  ecmtral 
undecayed  portion.  When  the  base  is  very  compact,  and  tln^  felspar-erystals  well 
defined  and  of  a  different  colour  from  the  base,  the  rock,  as  it  takes  a  good  polish,  may 
be  used  with  effect  as  an  ornamental  stone.  In  popular  languagci,  such  a  stone  in 
classed  with  the  ‘‘marbles,”  under  the  name  of  “porphyry.” 

The  quartz-porphyries  occur  with  plutonic  rocks,  as  eruptive  hos.s(^H  or  v(‘ins,  otten 
associated  with  granite,  from  which,  indeed,  they  may  be  seen  to  pro(t(ted  direetly  ; 
of  frequent  occurrence  also  by  themselves  as  veins  and  irregularly  intrudc'd  niaHhes 
among  highly  convoluted  rocks,  especially  where  these  have  been  more,  or  h?Hs 
metamorphosed. 


ii.  Rhyolite  Family. 

This  family  is  essentially  of  volcanic  origin.  Petrograxdiers  who  nnt  still  under  the. 
spell  of  the  Wernerian  belief  that  rocks  can  be  classified  on  a  chronrdogical  basiH,  pliicu^ 
the  rhyolites  among  the  Tertiary  and  modern  products  of  volcanic  action.  It  is 
undoubtedly  true  that  the  freshest  and  most  typical  rhyolites  belong  to  tin*,  later 
geological  periods,  but  rocks  that  cannot  be  distinguished  from  tlniin  by  any  really 
essential  characters  occur  even  among  the  older  Pakeozoic  formations.  Bue.h  ancient 
rocks  are  assigned  by  these  writers  to  the  group  of  the  quartz-porphyries.  Py  (dher 
observers,  however,  they  are  classed  with  their  modern  re}>resentativ(*.8  an  oiui  great 
family.  The  more  modern  and  typical  forms  will  here  be  described  first. 

Rhyolite  (Liparite) — under  this  name  the  most  acid  lavas  anj  groupfui,  their 
percentage  of  silica  rising  even  to  77.  They  are  distinguished  by  a  greattn*  variability  in 
structure  and  texture  than  any  other  igneous  rocks,  ranging  from  the  most  perfect 
glass  to  a  holocrystalline  aggregate,  which  might  even  he  mistaken  for  granite,  many 
of  these  different  structures  actually  alternating  with  each  other  in  the  sanns  slteiit 
of  rock.  Rhyolite  is  the  name  applied  more  particularly  to  the  lithoid  varicti(‘H,  wliile 
the  glassy  form  is  known  as  Obsidian,  but  the  two  types  of  structure  may  be  found 
alternating  in  the  same  lava-flow. 

^  Under  the  name  of  Nevadite  Baron  von  Richthofen  described  a  form  of  Rhyolite 
abundantly  developed  in  IsTevada  and  characterised  by  its  resemblance  to  granite,  owing 
to  the  abundance  of  its  porphyritic  crystals,  and  the  relatively  small  amount  of  ground- 
mass  in  which  they  are  imbedded.  The  granitoid  aspect  is  external  only,  as  the 
gro^^-ite^  is  distinct,  and  varies  from  a  holocrystalline  character  to  one  with  abundant 
gla^  apd  the  texture  ranges  from  dense  to  porous.^  The  presence  of  such  a  ground-mass 

Ri^iiofen,  Z.  B.  G.  G.  xx.  (1868),  p.  680.  See  also  Hague  and  hidings,  Awer. 
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is  cliamcteristiD  tlirougliout  t^e  rl^jolites.  It  is  for  the  most  part  a  compact  pale-grey, 
yellowisli,  greenisli,  reddish  or  iDlach  substance,  which  may  here  and  there  be  pure  glass 
with  few  or  no  microUtes,  but  it  rapidly  becomes  litlioid  by  the  development  in  it  of  micro- 
litic,  spherulitic,  microciystalline,  perlitic  or  pumiceoiis  structures.  Under  the  micro¬ 
scope,  when  not  sinoply  vitreous,  it  presents  an  enamel -like,  pjorcellanous  aspect,  more  or 
less  cxowded  with  microlites,  and  often  with  minute  spherulites  and  perlitic  cracks.  It  is 
constantly  marked  hy  traces  of  flow,  in  alternating,  lenticular  streaks  of  darker  and 
lighter  substance,  the  microlites  and  spherulites  being  arranged  along  these  streaks  and 
carving  round  the  large  included  phenocrysts.  The  dispersed  crystals  consist  of  quartz, 
aanidine,  plagioclase,  biotite,  augite  and  magnetite.  The  quartz  crystals  are  distinguished 
from  those  of  the  granite  family  by  the  absence  of  liquid  cavities  and  by  the  presence 
of  inclusions  of  glass  and  gas,  some  of  the  cavities  having  a  dihexaliedral  form  (negative 
crystals). 

It  lias  been  inferred  hy  IMr.  Iddings  that  the  phenocrysts  must  have  been  of  late  and 
comi)aratively  rapid  growth  in  the  outflowing  magma,  because  they  are  so  promiscuously 
distributed  through  the  rock  and  contain  such  an  abundance  of  inclusions  of  the 
mother-liquor  and  gas- cavities.  It  is  dilficult  to  suppose  that  in  a  magma  having  a 
specific  gravity  of  only  2*3  fairly  large  crystals  of  augite  (sp.  gr.  3*3)  and  magnetite 
sp.  gr-  5*0)  could  remain  long  suspended  without  finding  their  way  by  gravitation  to 
the  bottom.^  On  the  other  hand,  the  curiously  corroded  margins  of  the  crystals  in 
some  sanidines  seem  to  pioiiit  to  the  solvent  action  of  the  magma  upon  them. 

The  microscopic  crystals  in  the  base  of  rhyolite  show  a  marked  tendency  to  form 
intergi’owths  and  also  compound  groups  of  crystals.  Thus  the  micrographic  intergrowth 
of  quartz  and  saiiidine  has  been  described  as  of  frequent  occurreiice  in  the  obsidians  of 
the  Yellowstone  Park,‘-^  from  aggregates  visible  to  the  naked  eye  down  to  microscopic 
proportions,  and  the  gradual  stages  of  accretion  can  be  traced  wherein  the  first 
crystallisations  of  felspar  and  quartz  from  the  molten  magma  gradually  build  up  oval 
and  splierical  bodies,  which  become  spherulites  wherein  the  individuality  of  the  original 
crystalline  fibres  is  lost.  By*  the  continued  growth  of  such  aggregates,  the  glass  has 
become  lithoid.  Besides  the  spherules,  wliich  vary  in  she  from  nut-like  or  pea-like 
forms  down  to  granules  only  discernible  with  the  microscope,  muck  larger  nodular  bodies 
make  their  appearance  in  some  vitreous  rhyolites,  to  wliich  the  name  of  Lithoplmjses  has 
been  given.  These  range  npto  a  foot  in  diameter,  and  arc  mostly  heniispiherical  in  form. 
They  each  consist  of  a  series  of  delicate  concentric  shells,  which  arch  over  one  another 
like  the  petals  of  a  rose,  and  are  so  thin  that  sometimes  fifty  of  them  may  be  counted 
within  a  radius  of  two  inches,  and  so  fragile  as  to  crumble  under  the  touch,  being  made  up 
of  small  and  slightly  adhering  crystals  of  quartz  and  orthoclase.  The  origin  of  these 
bodies  is  believed  to  be  traceable  to  the  more  abundant  presence  of  highly  heated  water- 
vapour  in  spots  in  the  magma,  the  greater  vi.scosity  of  the  surrounding  magma,  and 
the  very  rapid  crystallisation  of  jointed  rods  of  felspar  followed  by  further  condensation 
upon  tlie  crystallisation  of  the  silica.  These  changes  and  their  results  are  like  those 
produced  artificially  in  closed  tubes,  where  the  action  of  highly  heated  water-vapour 

JouTih.  ScL  xxvii.  (1884),  p.  461.  These  authors  distinguish  between  Nevadite  and  Liparite, 
the  latter  being  char*acteri.sed  by  the  small  nuniher  of  porpliyritic  crystals  iniheclded  in  a 
relatively  large  amount  of  ground-mass  wliich,  as  in  Nevadite,  may  be  liolocrystalline  or 
glassy.  They  also  distinguish  Litlioidal  JUiyoUte  and  Hyaline  Eh'ijoliic  as  additional  varietie.s. 
Messrs.  L.  Duparc  and  E.  Pearce  have  recently  described  a  variety  of  the  rock  under  the 
name  oi  its  distinguishing  feature  being  the  presence  of  phenocrysts  of  biotite, 

plagioclases  and  quartz,  witli  an  entire  absence  of  orthoclase.  Conipt.  re-nd.  Jan.  1 900. 

^  Mo/iograph  xxxii.  (1899)  U.  A  O^ol.  Sutv.  Part  ii.  p.  267.  The  sphemlihq  and 
lithoiihyse  structures  of  rhyolites  are  fully  discussed  in  this  important  memoir  by  Messrs. 
J.  P.  Iddings  and  W.  H.  'Weed. 

“  hidings,  7ih  An-n.  Rep.  U.  S.  0.  S.  (1888),  p.  274,  and  Alonoyr.  xxxii.  p.  410. 
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has  been  tested  by  experiment^  The  lithophyses  of  some  rhyolites  in  Colorado  contain 
crvstels  of  top2>z  and  spessartito  gainot. 

The  remarkable  variability  of  the  rhyolites  in  regard  to  texture  may  be  seen  even  iii 
a  single  sheet  of  In  some  regions  (Lipari)  the  surface  of  the  outdow  re.inaiiiH 

tolerably  solid,  but  in  others  (Yellowstone  Park)  it  has  been  converted  into  puniKie  i>y 
the  expansion  of  its  contained  water-vapour.  Below  this  pumiceous  crust  tlie  rock  pas.s(‘H 
into  solid  glass,  the  central  portion  of  the  sheet  becoming  lithoidal  by  the  development 
of  a  microspherulitic  or  other  structure,  while  the  lower  parts  are  glassy,  passing  down 
even  into  pumice,  which  at  the  bottom  has  sometimes  broken  up  into  a  kind  ot  brtjccia 
or  tuif  by  the  weight  and  movement  of  the  overlying  mass.  Some  rhyolites  are  full 
of  small  and  large  cavities,  which  are  lined  with  chalcedony,  quartz,  amethyst,  ja.si)«*.r 
or  other  minerals.  Columnar  structure  is  well  displayed  in  certain  volcanic  distric^ts, 
some  of  the  rhyolites  in  the  Yellowstone  Park  displaying  columns  200  feet  in  height. 

The  cause  of  the  wide  range  of  variability  in  the  texture  of  rhyolititi  lavas,  as 
compared  with  those  of  the  basic  families,  is  probably  to  be  sought  in  the  greater 
viscosity  and  heterogeneous  character  of  the  acid  magma.  Portions  of  the  lava  still 
retaining  their  original  condition  of  nearly  pure  glass  are  spread  out  into  thin  lonticulai 
layers  as  the  mass  moves  onward;  those  parts  that  have  become  lithoidal  by  th(‘. 
development  of  spherulites  or  of  the  pumiceous  structure  are  likewise  flattened  into  thin 
leaves  and  lamin?e,  so  that  the  whole  mass  comes  to  he  built  up  of  rapidly  alternating 
lenticular  layers  of  material  (eutaxitic  structure),  having  throughout  the  same  chemical 
composition,  but  varying  considerably  in  texture,  mainly  according  to  the  distribution 
of  water- vapour  through  the  lava  and  the  attendant  devitrification. 

The  specific  gravity  of  rhyolite  ranges  from  about  2*39  to  2*75,  with  an  average  of 
about  2*5.  The  chemical  constitution  of  a  number  of  modern  and  ancient  members  of 
the  family  is  shown  in  the  accompanying  table  of  analyses  : — 


!  L 

II. 

III. 

IV. 

V. 

VI. 

VII. 

VI 11. 

SiO.  . 

.  1  74*24 

75*89 

74*70 

75*52 

83*802 

74-88 

72 -« 

72*18 

Al.,63 

.  !  14-50 

12-27 

13-72 

14*11 

7*686 

12*00 

12*4 

14*46 

Fe^Qg 

.  1  1-27 

1*12 

1*01 

1*74 

0*111 

3*50 

0*7 

1-7.S 

FeO  . 

..  .  i  0*67 

1*37 

0*62 

0*08 

0*408 

0*20 

1*1 

0*91  ; 

MgO  . 

.  1  0*25 

0*29 

0'14 

0*10 

0*109 

1*28 

trace 

trace  | 

CaO  . 

0*11 

0*86 

0*78 

0*78 

0*896 

0*34 

0*9 

0*92  i 

NasO. 

3*00 

3*23* 

3*90 

3*92 

4*229 

2*49 

1*7 

1-92  ! 

EL>0  . 

.  1  3-66 

3*42 

4*02 

3*63 

2*161 

4*77 

4*7 

6-10 

H.0  . 

2*04 

0*82 

0*62 

0*39 

5*2 

T47 

Ti'Oo  . 

0*20 

0*50 

none 

none 

PA  . 

.  1  0*07 

none 

none 

o’*d89 

MnO. 

0*06 

none 

trace 

none 

trace  | 

Li)0  . 

.  1  none 

0*01 

SO,  . 

.  !  0*03 

0*28 

0'*’017 

1 

SrO  . 

.  '  trace 

BaO  . 

.  ;  0*18 

FeSo  . 

1 

0*40 

0*11 

0**191 

Loss  . 

*  1 

0*301 

1*20 

... 

100*28 

100*06 

99*91 

100*38 

!  99-894 

i 

100*66 

99*3 

99*74 

I.  Rhyolite,  Lassen  Peak  region,  California.  Analysed  by  W.  F.  Hillebrand, 
U,  S.  G,  S.  No.  168  (1900),  p.  178.  A  light-grey  rock,  with  occasional  plienocrysts 
of  quartz  and  felspar  in  a  granular  ground-mass  of  the  same  materials. 

IL  Rhyolite,  Mount  Sheridan,  Yellowstone  region.  Analysed  by  J.  E,  Whitfield, 

^  Id^ngs,  Monogr,  xxxii.  p.  418,  and  authorities  there  cited. 

^  Whitman  Cross,  Ainefr.  Joum.  Sci.  xxi.  (1886),  p.  432. 
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oj).  cit.  p.  105.  Composition,  reported  by  Mr.  Iddings  as  quartz  and  sanidine, 
with  a  little  magnetite  and  angite. 

III.  Black  Obsidian,  Obsidian  Cliff,  Yellowstone  Park.  Analysed  by  J.  E.  Whitfield, 

op.  dt  p.  104.  This  rock  is  described  by  J.  P.  Iddings  in  7tli  Ann.  Rep.  U.  S. 
Q.  S.  1888,  p.  249.  Monograph  xxxii.  Part  ii.  p.  359.  It  contains  microlites 
of  augite  and  magnetite,  with  traces  of  quartz  and  felspars. 

IV.  Red  Obsidian,  Obsidian  Cliff,  Yellowstone  Park.  Analysed  by  J.  E.  Whitfield, 

ibid.,  also  described  by  Mr.  Iddings  in  same  Report  and  Monograph ;  resembles 
No.  III.,  with  ferric  oxide  replacing  magnetite. 

V.  Felsite  (felsophyre).  from  summit  of  Aran  Mowddy,  Wales.  Analysed  by  J. 
Hughes,  Q.  J.  G.  S.  xxxi.  p.  400.  Contains  porphyritic  crystals  in  a  felsitic 
matrix.  Teall,  ‘British  Petrog.’ p.  339. 

VI.  Pale-green  Felsite,  from  near  Pitt’s  Head.  Analysed  by  Haughton,  Trans.  Roy, 
Irish  Acad,  xxxiii.  p.  615.  Teall,  loc.  cit. 

VII.  Pitchstone  from  Arran.  Analysed  by  J.  H.  Player.  Teall,  op.  cit.  p.  347. 

VIII.  Devitrified  perlitic  Pitchstone,  Lea  Rock  quarry,  Shropshire.  Analysed  by  Mr. 

Phillips,  Q.  J.  G.  S.  xxxiii.  p.  457.  The  specific  gravity  of  this  rock  is  2*62. 
Teall,  op.  cit.  p.  341. 

Rhyolite  is  an  extremely  acid  rock  of  volcanic  origin.  It  forms  enormous  masses  in 
the  heart  of  extinct  volcanic  districts  in  Europe  (Hungary,  Euganean  Hills,  Iceland, 
Lipari),  and  in  North  America  (Wyoming,  Utah,  Idaho,  Oregon,  California).  It  occurs 
both  as  intrusive  dykes,  sheets  and  bosses,  and  as  outflows  of  lava  at  the  surface.  Some 
of  the  most  magnificent  displays  of  this  rock  are  those  of  the  Yellowstone  National 
Park  in  the  Western  United  States,  where  it  forms  a  vast  plateau,  sends  arms  into  the 
valleys  in  the  surrounding  mountains,  lies  in  denuded  remnants  on  their  slopes,  and  in 
places  exceeds  2000  feet  in  the  thickness  of  its  successive  sheets.^ 

Pantellerite — a  group  of  rocks  first  described  by  H.  Forstner  from  the  Island  of 
Pantelleria,  characterised  by  a  structure  varying  from  glassy  into  finely  granular 
and  trachytic  varieties,  and  a  chemical  composition  in  which  the  percentage  of  silica 
ranges  between  66'8  and  72*5,  while  the  alkalies  amount  to  10  per  cent,  soda  being 
largely  predominant.  The  specific  gravity  is  2*4  in  the  vitreous  and  2*6  in  the 
holocrystalline  varieties.^ 

The  vitreous  members  of  the  Rhyolite  family  form  an  interesting  group,  in  which  we 
may  detect  what  was  probably  the  original  condition  of  the  molten  magma.  Every 
gradation  can  be  traced  from  a  perfect  glass  into  a  thoroughly  devitrified  and  even 
crystalline  rock.  As  already  remarked,  the  original  vitreous  condition  of  rhyolite  can 
still  be  seen  even  with  the  naked  eye  in  the  clots  and  streaks  of  glass  that  occasionally 
run  through  it  in  the  direction  of  its  flow-structure.  Various  names  have  been  given 
to  the  glassy  rocks,  of  which  the  chief  are  obsidian,  pumice,  and  pearlstonc  or  perlite. 
These,  however,  are  not  to  be  regarded  as  distinct- rock-species,  but  rather  as  the 
glassy  condition  of  rhyolitic  lavas. 

Obsidian  (rhyolite-glass) — the  most  perfect  form  of  volcanic  glass,  externally 
resembling  bottle  glass,  having  a  perfect  conchoid al  fracture,  and  breaking  into  sharp 
splinters,  transparent  at  the  edges.  Its  colours  are  black,  brown,  or  greyish -green, 

1  On  rhyolite,  besides  works  already  cited,  the  following  may  be  specially  referred 
to  :  F.  von  Richthofen,  Jahrh.  K.  K.  (hoi.  Reiclisanst,  xi.  (1861),  p.  156.  Zirkel,  ‘Micro. 
Petrog.’  p.  163.  King,  ‘  Explor.  40th  Parallel,’  i.  p.  606  ;  Whitman  Cross,  Monograph  xii. 
U.  S.  G.  S.  (1886),  p.  345  ;  W.  H.  Weed  and  L.  V.  Pirsson,  B.  U.  S.  Q.  S.  No.  139  (1896),  p.  118. 
mh  Ann.  Rep.  U.  S.  G.  S.  (1900),  pp.  177,  351,  520  ;  E.  OrdoSez,  “Las  Rhyolitas  de  Mexico,” 
Bol.  Inst.  Oeol.  Mexico,  No.  14  (1900),  No.  15  (1901)  ;  Thoroddsen,  Qeol.  Foren.  StocMiulm, 
xiii.  (1891),  p.  609  ;  H.  Backstreim,  op.  cit.  pp.  637-682  ;  N.  0.  HoLst.  Sver.  (Jeol.  Undersokn, 
No.  110  (1890) ;  J.  Park  and  F.  Rutley,  Q.  J.  G.  S.  Iv.  (1899),  p.  449. 

2  Bull.  Com.  Qeol.  Jtal.  1881. 
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rarely  velloiv,  blue,  W  red,  but  not  infrequently  streaked  or  bamled  ^  -i  i 

darkL  hues.  A  thin  slice  of  obsidian  prepared  for  the  microscope  is  found  > 

pale  yellow,  brown,  grey,  or  nearly  colourless,  and  on  being  magnified  show.s  that  tin. 
usual  dark  colours  are  almost  always  produced  by  the  presence  of 
inicrolites,  which  present  themselves  sometimes  as  black  opaque  trichitn.s  b  aiuifullj 
arranged  in  eddy-like  lines  showing  the  original  fluid  movement  of  the  rock  (Ug.  bS;  , 
also  as  rod-like  transparent  forms.  They  occasionally  so  increase  in  abundance  as  to 
make  the  rock  lose  the  aspect  of  a  glass  and  assume  that  of  a  dull  llmt-hkc  or  eiiam.d- 
like  stone.  This  devitrification  can  only  be  properly  studied  with  the  iiiicroHco})i‘.  It 
is  rare  to  find  the  glass  of  obsidian  perfectly  free  from  crystallites.  They  are  Icwo.st  in 
lie  hi-hly  pnmiceons  parts  of  the  rock,  as  if  the  sudden  expansion  of  the  vapours 
«id:«ed  in  the  magma  had  led  to  the  chilling  of  the  molten  material,  thus  preventing 
thf  Bicrolitic  minerals  from  crystallising  before  the  solidification  of  the  glass.  Dull 
gmt  onamel-like  spherulites  appear  in  some  parts  of  the  rock  in  great  abnndance,  drawn 
out  into  layers,  so  as  to  give  the  rock  a  fissile  structure,  while  steam-  or  gas-cavitms 
likewise  occur,  sometimes  so  large  and  abundant  as  to  impart  a  cellular  as);)ect.  ^  1  he 
lithophyses  above  referred  to  are  conspicuous  in  some  of  the  Yellowstone  obsidiiins." 
The  occurrence  of  abundant  sanidine  crystals  gives  rise  to  Forphyritic  Ohsidum.  JMany 
obsidians,  from  the  increase  in  the  number  of  their  steam- vesicles,  iiass  into  puiniia*. 
2Tow  and  then,  the  steam-pores  are  found  in  enormous  numbers,  of  extremely  minute 
size,  as  in  an  obsidian  from  Iceland,  a  plane  of  which,  about  one  square  millimetre  in 
size,  has  been  estimated  to  include  800,000  pores.  The  chemical  composition  ol  obsidian 
may  be  judged  from  the  analysis  of  two  characteristic  examples  given  in  the  table  on 
p.  212.  The  specific  gravity  of  the  glassy  rocks  being  normally  less  than  that  of  the 
crystalline  forms,  obsidian  is  less  heavy  than  rhyolite;  its  specific  gravity  averages  between 
2*35  and  2*45.  This  rock  occurs  as  a  product  of  the  volcanoes  of  late  geological  periods. 
It  is  found  in  Lipari,  Iceland,  and  Teneriffe  ;  in  North  America,  it  lias  been  erupted  from 
many  points  among  the  Western  United  States  ;  it  is  met  with  also  in  New  Zeahiiid.-* 

Pumice  (Ponce,  Bimstein) — a  general  term  for  the  loose,  spongy,  cellular, 
filamentous  or  froth -like  parts  of  lavas,  but  when  the  word  is  used  by  itself  it  is 
generally  understood  to  refer  to  the  Khyolite  family.  So  distinctive  is  this  structure, 
that  the  term  pumiceous  has  come  into  common  use  to  describe  it.  There  ean  be  no 
doubt  that  this  froth-like  rock  owes  its  peculiarity  to  the  abundant  escape  of  steam  or 
gas  through  its  mass  while  still  in  a  state  of  fusion.  The  most  perfect  forms  of  puiiiiiM* 
are  found  among  the  acid  lavas,  hut  the  same  type  of  structure  may  he  met  with  in  tlie 
lavas  of  the  intermediate  and  basic  series.  Microscopic  examination  of  a  rhyolitic; 
pumice  reveals  a  glass  crowded  with  enormous  numbers  of  minute  gas-  or  vapour-eavilie.s, 
usually  drawn  out  in  one  direction,  also  abundant  crystallites  like  those  of  obsidian. 
Owing  to  its  porous  nature,  pumice  possesses  great  buoyancy  and  readily  iloats  on 
water,  drifting  on  the  ocean  to  distances  of  many  hundreds  of  miles  from  land,  until 
the  cells  are  gradually  filled  with  water,  when  the  floating  masses  sink  to  the  bottom.^ 
Abundant  rounded  blocks  of  pumice  were  dredged  up  by  the  Challenger  from  the  floor 
of  the  Attotic  and  Pacific  Oceans. 

Perlitb  (Pearlstone)  was  the  name  given  to  what  was  at  first  supposed  to  be  a 
distinct  rock  species,  but  which  is  now  recognised  to  be  only  a  phase  in  the  dovitrifu;ation 
of  an  acid  volcanic  glass.  As  the  word  indicates,  the  structure  of  the  rock  presentH 
enamel-like  or  vitreous  globules  which,  occasionally  assuming  polygonal  forms  by 
mntu^  pressure,  sometimes  constitute  the  entire  rock,  their  outer  ])ortions  shading  off 

^  Mofiogr,  U,  hf.  G.  xxxii.  Part  ii.  p.  403. 

^  Monofff.  U.  8.  O,  S.  No.  xxxii.  Part  ii.  chap.  x. 

®  Most  of  the  memoirs  on  rhyolite  above  cited  treat  also  of  obsidian. 

On  porosity,  hydration,  and  flotation  of  pumice,  see  Bischof,  ‘Chem.  und  Phya.  Geol.^ 
sappl.  (1871),  p.  177. 
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into  each  other,  so  as  to  form  a  compact  mass  ;  in  other  cases,  separated  by  and 
cemented  in  a  compact  glass  or  enamel.  They  consist  of  successive  very  thin  shells, 
which,  in  a  transverse  section,  are  seen  as  coiled  or  spiral  rings,  usually  full  of  the 
same  hind  of  hair-lihe  crystallites  and  crystals  as  in  the  more  glassy  parts  of  the 
rhyolite  (Tig.  8).  As  these  bodies  both  singly  and  in  fluxion- streams  traverse  the 
globules,  the  latter  may  he  regarded  as  a  structure  developed  by  contraction  in  the 
rock,  during  its  consolidation,  analogous  to  the  concentric  spheroidal  structure  seen  in 
weathered  basalt  (Tig.  94).  Among  these  concentrically  laminated  globules  true 
splierulites  occur,  distinguished  by  their  internal  radiating  flbrous  structure  (Tigs.  6,  16). 

Regarding  the  origin  of  the  naembers  of  the  rhyolite  family  described  above,  there 
can  he  no  great  diversity  of  opinion,  for  they  are  so  fresh  and  present  their  structures  so 
clearly  that  their  history  can  readily  be  followed  through  its  successive  stages.  In  the 
rocks  of  which  an  account  has  now  to  be  given  the  history  is*  not  always  so  manifest. 
They  are  of  all  ages,  going  back  to  older  Pahnozoic  and  even  pre-Cambrian  times. 
They  include  a  series  of  varieties  which  range  from  thoroughly  lithoid  and  even  crystal¬ 
line  structures  to  a  completely  vitreous  condition.  The  Grernian  school  of  petrographers, 
making  use  of  relative  antitpiity  a  basis  of  separation,  has  grouped  these  rocks  with 
the  puartz- porphyries  and  putchstones,  regarding  them  as  quite  distinct  from  the 
rhyolites.  The  British  School,  on  the  other  hand,  finding  essentially  the  same 
structures  in  them  as  in  the  rhyolites,  has  been  unable  to  make  any  separation  between 
the  two  groups  of  rock,  and  places  them  all  in  the  Ehyolitic  family.  Formerly  the 
lithoid  varieties  were  classed  under  the  general  name  of  “felsites”  (‘‘ felstones”),  but 
this  term  has  been  so  dilferently  employed  that  a  careful  definition  is  required  of  the 
sense  in  which  it  is  used.  By  many  writers  it  is  now  applied  rather  to  a  fine-grained 
lithoid  texture  than  to  a  special  spiecies  or  variety"  of  rock.  The  history  of  this  word 
and  the  difficulties  which  have  attended  the  study  of  the  rocks  to  which  it  was  applied 
are  well  stated  by  Miss  Baseom,  who  has  investigated  an  important  series  of  ancient 
volcanic  rocks  in  the  South  Mountain,  Pennsylvania,  in  the  course  of  which  she  came  to 
realise  the  unsatisfactory  character  of  the  nomenclature,  and  to  propose  an  amendment 
of  it.^  She  has  proposed  to  place  with  the  quartz- porphyries  all  the  acid  volcanic  rocks 
which  were  originally  holocrystalline  or  whose  original  character  is  in  doubt,  and  to 
group  under  the  term  Aporhyolite  all  those  which  hy  their  structure  can  be  shown 
to  have  been  once  glassy.  This  new  term  would  include  most  of  the  felsites  of  the 
British  School  and  much  of  what  is  called  felsitfels  ”  on  the  Continent. 

Under  the  name  of  Telsite  (Felstone),  Felsitfels  or  Apjorhyolite,  a  large 
series  of  rocks  may  he  grouped  wdiich  appear  for  the  most  part  to  have  been  originally 
vitreous  lavas  like  the  rhyolites,  but  which  have  undergone  cornpilete  devitrification, 
though  frequently  retaining  the  perlitic,  spherulitic  and  flow-structures.  They  vary  in 
colour  from  nearly  white  throngh  shades  of  grey,  blue  and  red  or  brown  to  nearly  black, 
often  weathering  with  a  white  crust.  They  are  clo.se -grained  in  texture,  often  breaking 
with  a  subconchoidal  fracture  and  showing  translucent  edges.  Porphyritic  felspans 
(both  orthoclase  and  plagioclase)  and  blebs  of  quartz  are  of  frequent  occurrence.  The 
flow-structure  is  occasionally  strongly  marked  by  bands  (taxites)  of  different  colour, 
textiireand  partly  also  of  composition,  sometimes  curiously  buntand  curled  over,  indicating 
the  direction  of  movement  of  the  still  unconsolidated  rock-  The  spberulitic  structure 
also  may  be  found  so  strongly  marked  that  the  individual  spherules  measure  an.  inch  or 
more  in  diameter,  so  that  the  rode  seems  composed  of  an  aggregate  of  balls,  and  was 
formerly  mistaken  for  a  conglomerate  [I^yromiTuU,  %odiUitr  felnU)P  Under  the  niicro- 

1  hW.  i.  (1893),  p.  829  ;  Jhdl.  U.  d'.  ;S’.  No.  130  (1890),  chap.  iv.  ;  J.  Morgan 

Clements,  Jaurn.  Geol.  iii.  (1895),  p.  817. 

-  On  nodular  felsites  see  Professor  Boiiiie^'',  Q.J.  (L  *S.  xxxviii.  (1882),  p.  289  ;  Gr.  Cole, 
d.  J.  G.S.  xli.  (1885),  p.  162  ;  xlii.  p.  183  ;  Miss  Raisin,  oju pii,  xlv.  (1889),  p.  247-  ■  Harker, 
“  Bala  Volcanic  Eoeks,”  1889,  p.  28. 
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scope  many  of  the  typical  structures  of  rhyolite  can  he  detected  in  these  rocks.  One  of 
the  earliest  observers  who  recognised  these  features  was  the  late  Mr.  Allport,  who  described 
some  ancient  examples  of  perlitic  structure  from  Shropshire  in  what  were  probably  once 
ordinary  rhyolites/  and  Mr.  Rutley  afterwards  detected  the  presence  of  the  same 
structure  in  the  Lower  Silurian  lavas  (felstones)  of  hTorth  Wales.^ 

The  ground-mass  of  these  rocks,  as  already  remarked,  has  given  rise  to  much 
discussion,  but  it  is  now  generally  recognised  as  an  altered  condition  of  the  devitrifica¬ 
tion  of  an  original  vitreous  mass  (p.  149).  Secondary  changes  have  in  large  measure 
destroyed  the  original  microlitic  structure,  but  traces  of  it  can  often  be  found,  while 
the  spherulitic  and  perlitic  forms  frequently  remain  almost  as  fresh  as  in  a  recent  rock. 
Rocks  having  these  characters  have  been  found  abundantly  as  interbedded  lavas  with 
accompanying  tuffs  and  agglomerates  among  the  Silurian  and  older  rocks  in  Wales 
and  Shropshire,  in  the  Lake  District,  and  in  other  parts  of  the  British  Isles.  They  have 
been  met  with  on  the  Continent  of  Europe  even  of  pre-Cambrian  age,  as  in  Finland. 
Extensive  areas  of  them  occur  also  in  different  parts  of  the  United  States. 

Un^er  the  name  of  F  el  site  porphyry  Professor  Tschermak  has  grouped  a  series 
of  rocks  having  a  compact  ground -mass  of  quartz  and  alkali -felspar,  with  scattered 
porphyritic  crystals  of  orthoclase  but  not  of  quartz,  and  having  the  chemical  com¬ 
position  of  quartz  -  porphyry.  The  name  has  likewise  been  employed  in  the  same 
sense  in  the  United  States,  and  applied  to  dyke-rocks  showing  sometimes  flow-structure 
and  apparently  resulting  from  the  devitrification  of  an  original  glassy  magma.  Grada¬ 
tions  from  such  rocks  into  syenite  porphyry  have  also  been  noted.^ 

Pitchstone,  like  Felsite,  is  a  term  now  more  usually  employed  to  denote  a  peculiar 
condition  of  the  less  perfectly  glassy  acid  rocks  than  any  one  special  rock-species.  The 
rocks  so  designated  possess  a  resinous  or  pitch-like  lustre,  and  show  internally  a  more 
advanced  development  of  mi cr elites  than  in  obsidian.  They  thus  represent  a  further 
stage  of  devitrification.  These  rocks  are  easily  frangible,  breaking  with  a  somewhat 
splintery  fracture,  translucent  on  thin  edges,  with  usually  a  black  or  dark  green  colour, 
that  ranges  through  shades  of  green,  brown,  and  yellow  to  nearly  white.  Examined 
microscopically,  they  are  found  to  consist  of  glass  in  which  are  diffused  hair -like 
feathery  and  rod -shaped  microlites,  or  more  definitely  formed  crystals  of  orthoclase, 
plagioclase,  quartz,  hornblende,  augite,  magnetite,  &'c.  The  pitchstone  of  Corriegills, 
in  the  island  of  Arran,  presents  abundant  green,  feathery,  and  dendritic  microlites  of 
hornblende  (Fig.  13).*^  Occasionally,  as  in  Arran,  pitchstone  assumes  a  spherulitic  or 
perlitic  structure.  Sometimes  it  becomes  porphyritic,  by  the  development  of  abundant 
sanidine  crystals.  Rocks  possessing  pitchstone  characters  are  found  as  intrusive  dykes, 
veins,  or  bosses,  probably  in  close  connection  with  former  volcanic  activity,  as  in  the 
case  of  the  dykes,  which  in  Arran  traverse  Lower  Carboniferous  rocks,  hut  are  probably 
of  Miocene  age,  and  those  which  in  Meissen  send  veins  through  and  overspread  the 
younger  Palaeozoic  felsite-porphyries.^ 

iii.  Syenite  Family. 

Syenite. — This  name,  formerly  given  in  England  to  a  granite  with  hornblende 
replacing  mica,  is  now  restricted  to  a  rock  consisting  essentially  of  a  holocrystalline 
mixture  of  orthoclase  and  hornblende,  to  which  plagioclase,  biotite,  augite,  magnetite, 
or  quartz  may  be  added.  As  already  mentioned,  the  word,  first  used  by  Pliny  in 
reference  to  the  rock  of  Syene,  was  introduced  by  Werner  as  a  scientific  designation. 
It  was  applied  by  him  to  the  rock  of  the  Plauenscher-Grund,  Dresden  ;  he  afterwards, 
however,  made  that  rock  a  greenstone.  The  base  of  all  syenites,  like  that  of  granites, 

^  Q.  J,  G.  S.  xxxiii.  p.  449.  ^  Oj?.  cit  xxxv.  p.  508. 

®  Tschermak,  Sitzb.  Acad.  Vienna,  Ivi.  (1867),  p.  305.  L.  V.  Pirsson,  JBtill.  If.  S.  G.  S. 
No.  139  {1896),  p.  103. 

^  See  F.  A.  Gooch,  Min.  Mittheil.  1876,  p.  185.  Allport,  Oeol.  Mag.  1881,  p.  438. 
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is  thoroughly  crystalline,  without  an  amorphous  ground-mass.  The  typical  syenite  of 
the  Plauerischer-Grund,  formerly  described  as  a  coarse-grained  mixture  of  flesh-coloured 
orthoclase  and  black  hornblende,  containing  no  quartz,  and  with  no  indication  of  plagio- 
clase,  was  regarded  as  a  normal  orthoclase-hornblende  rock.  Microscopical  research  has, 
however,  shown  that  well-striated  triclinic  felspars,  as  well  as  quartz,  occur  in  it.  Eocks 
which  may  be  classed  together  under  the  general  designation  of  syenite  may  be  sub¬ 
divided  into  three  groups :  1st,  Syenite  proper  or  Hornblende  syenite,  consisting  of 
alkali-felspar  and  hornblende  ;  2nd,  Mica-syenite,  a  mixture  of  alkali-felspar  and  biotite, 
and  3rd,  Augite- syenite,  made  up  of  alkali-felspar  and  augite  or  diallage.  Some  varieties 
of  syenite  have  been  distinguished  by  special  names.  Monzonite,  named  after  Monzoni 
in  the  S.E.  Tyrol,  is  there  an  aiigite-syenite  consisting  of  a  crystalline  aggregate  of 
orthoclasq,  plagioclase,  and  augite  wdth  a  little  accessory  biotite.  The  term,  however, 
has  been  greatly  widened  in  its  use  by  Professor  Brdgger,  who  includes  in  it  a  large 
group  of  rocks  intermediate  between  granites  and  syenites  on  the  one  hand,  and  dibrites 
and  gabbros  on  the  other,  with  a  silica  percentage  ranging  from  73  per  cent  at  the  one 
end  (acid  quartz-monzonite,  Adamellite)  to  46  per  cent  at  the  other  (olivine-monzonite). 
Other  types  have  been  distinguished  in  Southern  Norway,  chiefly  by  Brogger’s  minute 
researches.  Among  these  is  Laurvikite,  an  aggregate  of  soda-orthoclase  or  soda-micro- 
cline  (seldom  also  plagioclase)  with  a  little  pyroxene,  hornblende,  olivine,  magnetite 
and  apatite.  A  more  acid  variety  in  the  same  region  has  been  named  Akerite  (quartz- 
syenite)  and  contains  in  addition  to  the  alkali-felspar,  plagioclase,  greenish  pyroxene, 
biotite  and  a  little  quartz.  N  or  dm  arkite  is  another  acid  quartziferous  type  containing, 
besides  its  orthoclase  (or  microperthite  and  acid  oligoclase)  and  quartz,  biotite,  horn¬ 
blende,  pyroxene,  always  sphene,  some  aegerine  and  zircon,  iron-ore  and  apatite ;  its 
silica  percentage  is  from  60  to  64,  with  about  12  or  13  per  cent  of  alkalies,  the  soda  pre¬ 
dominating.^  Another  basic  variety  recently  found  among  the  intrusions  connected  with 
granite  in  Argyllshire  and  named  Kentallenite,  consists  of  olivine  and  augite  with  ortho¬ 
clase  and  augite  in  varying  proportions  and  biotite.^ 

Like  the  granites,  the  syenites  include  aplitic  (syenite-aplite)  and  pegmatitic  (syenite- 
pegmatite)  varieties.  These  are  well  displayed  in  the  Christiania  region,  where  they 
have  been  studied  in  great  detail  by  Brogger.  The  pegmatite  veins  are  there  particularly 
rich  in  rare  minerals.^ 

Syenite-porphyry — a  name  given  to  rocks  having  the  mineralogical  and  chemical 
constitution  of  syenites  but  showing  phenocrysts  of  orthoclase,  hornblende,  biotite  or 
augite  dispersed  through  a  holocrystalline  ground-mass  without  any  non-crystalline  base. 
They  occur  principally  in  dykes.  The  analysis  of  an  example  of  these  is  given  in  the 
accompanying  table.  Where  the  syenitic  material  has  been  injected  into  narrow  fissures 
and  has  solidified  as  an  exceedingly  compact  rock  it  has  been  called  Si/e7iite-aphanite. 

The  syenites  are  less  abundant  than  the  granites,  but  occur  in  similar  relations  to 
the  surrounding  rocks.  They  are  found  as  bosses,  intrusive  sheets  and  dykes,  and,  like 

^  See  Brogger’s  monograph,  ‘‘Die  Eruptivgesteine  des  Kristianiagebietes,”  Parts  i.  and  ii. 
(1894-95).  This  volume  contains  a  full  summary  of  the  literature  connected  with  the  geology 
of  the  Monzoni  and  Predazzo  region.  Eeferences  to  subsequent  papers  will  be  found  in  Dr. 
J.  Eomberg’s  “  Geologisch-petrographische  Studien  im  Gebiete  von  Predazzo,”  Sitz.  Berlin 
Akad.j  1902,  pp.'  675,  731.  More  than  two  hundred  separate  comprehensive  memoirs  in  five 
different  languages  have  been  contributed  to  the  discussion  of  this  classic  part  of  Europe. 
The  latest  contribution,  by  Dr.  Romberg,  gives  only  the  first  instalment  of  a  renewed  study 
of  these  rocks,  based  on  a  larger  collection  of  specimens  (2000),  a  fuller  series  of  microscopic 
slides  (more  than  1000),  and  a  more  detailed  chemical  examination. 

^  Messrs.  Hill  and  Kynaston,  Q.  J.  G.  S.  Ivi.  (1900),  p.  531. 

^  Brogger  enumerates  no  fewer  than  seventy-three  minerals  from  these  veins.  “  Die 
Mineralien  der  Syenitpegrnatitgange  der  Sudnorwegischen  Augit  nnd  NeiDheline-syeuite,” 
Zeitsh.  fur.  Kryst.  xvi.  (1890). 
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the  granites,  present  varions  interesting  types  of  more  basic  cbaraeter  in  their  peripheral 

and  divergent  portions.  . 

The  specific  gravity  of  the  syenites  ranges  between  2-7  and  2-9.  1  heir  vanatinii.s  m 

chemical  composition  are  partly  shown  in  the  following  table  of  analyses  _ 
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I.  From  the  Planenscber- Grand,  Dresden  :  coarse  granular,  with  fresh  pink  ortho- 
clase  and  black  hornblende,  some  microscopic  plagioclase,  quartz  and  titanite  ; 
contains  a  trace  of  T^Oo.  Zirkel,  JPoggend.  Ann.  cxxxii.  (1864),  p.  622. 

11.  From  Vetakollen,  Korway :  a  pink  fine-grained  rock  'with  ortboclase,  a  very  little 
oligoclase  and  black  hornblende.  Kjerulf,  ‘  Christiania  Silur-becken/ 
in.  From  Mount  Asciitney,  Vermont,  United  States.  Analysed  by  Dr.  TIillebrand, 
B.  U.  S.  if.  S.  No.  168,  p.  24 :  a  syenite  containing  hornblende,  aiigite,  orthoclase, 
microperthite,  plagioclase,  biotite,  quartz,  magnetite,  spheiie,  apatite  and  zircon. 
Augite-syenite,  Turnback  Creek,  Tuolumne  County,  California.  Analysed  by  II. 
N.  Stokes,  op.  cit.  p.  204  :  contains  ortboclase  and  augite,  with  less  plagio¬ 
clase  and  quartz. 

A^.  Augite-mica-syenite,  Turkey  Creek,  Jefferson  County,  Colorado.  Analysed  by  L. 
G.  Eakins,  oj?.  cit.  p.  140 :  contains  ortboclase,  augite,  biotite,  rbombie 
pyroxene,  hornblende,  plagioclase,  quartz,  apatite  and  magnetite.  Sp.  gr.  2*857, 
VI.  Syenite-porphyry  from  intrusive  sheet  near  Yogo  Peak,  Montana.  Analysed 
by  Dr.  Hillebrand,  op.  cit.  p.  127  ;  abundant  phenocrysts  of  hornblende  and 
•  ortboclase,  with  less  biotite  and  plagioclase,  in  a  ground-mass  of  alkali- felspar, 
with  accessory  quartz ;  also  contains  iron-ore  and  apatite,  with  secondary 
calcite,  chlorite,  sericite  and  kaolin. 

Orthophyre  (Quartz-less  Orthoclase-porphyry)  holds  to  the  syenites  a  similar  relation 
to  that  which  the  quartz-porphyries  (felsites,  aporhy elites)  hold  to  the  granites.  It  is 
composed  of  a  compact  brown,  reddi.sh,  or  grey  ground-mass,  mostly  micrn-crystalliin* 
but  sometimes  microlitic  (felsitic),  through  which  are  usually  scattered  numerous 
crystals  of  ortboclase,  sometimes  also  a  triclinic  felspar,  black  hornblende  and  glancing 
scales  of  dark  biotite.  It  contains  from  55  to  65  per  cent  of  silica  (see  table  on  p.  220), 
thus  differing  from  quartz-porphyry  in  its  smaller  proportion  of  this  acid.  It  is  also 
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rather  more  easily  scratched  with  tlie  knife,  but  except  by  chemical  or  microscopical 
analysis,  it  is  often  impossible  to  draw  a  distinction  between  this  rock  and  its  equivalentt* 
hi  the  acid  series.  It  occurs  in  Toins,  dykes,  intrusive  sheets  and  likewise  in  sheets  of 
lava  that  have  flowed  out  at  the  surface.  It  is  met  with  in  all  these  forms  in  the 
volcanic  series  of  the  Lower  Old  Red  Sandstone  in  the  south  of  Scotland. 

A  variety  of  this  rock  is  the  well-known  Khomben-porphyr  of  Southern  Norway, 
which  is  distinguished  by  its  large  ortho clase  or  microcline  crystals  set  abundantly  in  a 
Ihie-graiiied  dark-grey  ground-mass.  Blocks  of  this  easily  recognisable  material  bave 
been  transported  during  the  Grlacial  Period  as  far  south  as  the  coast  of  Norfolk. 

Keiatophyre — a  term  that  has  been  variously  used  since  first  proposed  by  Oiimbel  in 
1874,  is  best  applied  to  a  compact  porphyritic  rock  in  which  the  prevailing  felspar  is  a 
soda -bearing  species,  instead  of  the  ordinary  ortlio  clase  of  the  ortliophyres.  The  silica 
percentage  ranges  between  60  and  70.  Some  varieties  wherein  qnartz  becomes  conspicuous 
are  called  Quar  tz-kerat  ophyre,  and  have  sometimes  as  much  as  75  or  80  per  cent  of 
silica.  These  may  be  regarded  as  soda- quartz-porphyries,  and  the  ordinary  keratophyres 
as  soda-orthophyres.  The  difference  between  the  composition  of  the  two  tyjies  is  shown 
in  the  table,  p.  220, 

Boatonite — a  hne-grained,  highly-fel spathic  rock  with  a  trachytoid  structure  and 
fracture,  usually  pale  in  colour,  poor  in  dark  minerals,  but  showing  scattered  crystals 
of  orthoclase  with  a  little  plagioclase  aad  sometimes  a  little  quartz.  Owing  to  its 
nsually  decomposed  condition  the  constituents  and  structure  of  this  rock  are  not  always 
satisfactorily  discernible.  It  occurs  in  dykes.  The  composition  of  a  characteristic 
example  is  shown  in  the  table,  p.  220. 

Poiphyrite — a  term  formerly  applied  to  ancient  altered  forms  of  andesite,  is  now 
generally  restricted  to  rocks  especially  found  in  dykes,  wherein  a  lime-soda  felspar  is 
predominant  with  a  more  or  less  marked  porphyritic  structure,  large  felspars  being  dis¬ 
tributed  through  a  fine  ground-mass  together  with  hiotite,  augite  or  hornblende.  The 
term  ‘‘Porphyry'’  as  a  suffix  has  been  adopted  hy  Rosenbusch  and  other  petrograpliers 
in  the  sense  already  explained  (p.  20S). 

lamprophyxe. — This  general  term  now  comprises  a  series  of  intrusive  rocks  that 
occur  in  dykes  and  sills  composed  of  all{ali-fc*lsi)ar  and  liiiie-.soda  felspar,  black  mica, 
hornblende,  augite,  magnetite,  and  apatite.  Their  structure  is  granular  or  compact. 
Owing  to  the  frequent  prevalence  of  black  mica  some  of  the  series  were  originally  known 
as  “  mica- traps.  ”  The  rocks  named  Minette,  Yogesite,  Monehiquite,  with  their  varieties, 
are  classed  as  members  of  the  Lamprophyre  group.  ^ 

Minette — a  close-grained  to  granular  rock,  witli  a  ground-mass  often  exceedingly 
compact,  through  which  are  dispersed  hiotite,  orthoclase,  plagioclase,  angitc,  apatite 
and  iron-ore.  The  augite  may  be  a  pale  green  diopside.  The  mica  has  a  characteristic 
minute  .structure  seen  under  the  microscope.  In  thin  dyhes  the  groniid-inass  presents 
a  somewhat  trachyte- like  arrangement  of  felspar  laths,  but  in  thicker  masses  it  becomes 
coarser  and  more  indefinitely  grainihir.  llinette  is  one  of  the  mica-traps  frequently  found 
as  veins  and  otlicr  intrusive  bodics. 

Kersantite — distinguished  by  the  abundance  of  dark  mica  crowded  in  its  ground- 
mass,  together  with  a  good  deal  of  augite,  in  the  malaeolitic  form,  but  generally  with 
little  or  no  hornblende. 

Vogesite — in  this  rock,  while  the  greyish  or  black  ground-mass  consists  of  orthoclase, 
abundant  phenocrysts  of  hornblende  or  augite  are  disiiersed,  these  minerals  taking  here 
the  prominent  place  that  hlack  mica  does  in  the  minettes.  Under  the  microscope  the 
alkali -felspar  is  found  to  he  united  with  a  small  admixture  of  laths  of  ])lagioclase.  The 
hornblende  is  likewise  lath-shaped,  so  that,  as  in  minette,  a  trachytoid  .structure  is 
produced.  The  rook  is  another  of  the  series  of  masses  that  occur  intrusively  in  dykes. 

^  For  ail  acconiit  of  the  Lamprophyres  of  the  classical  di.striot  of  the  Plaueiischer-Urund, 
see  B.  Doss,  Fscher?JUcE s  MineraL  MUtheil.  xi.  (1689). 


1.  Orthopliyre  from  Predazzo,  Tyrol :  vein  of  somewhat  weathered  rock  showiii^^  pink 
orthoclase  without  quartz.  Kjeralf,  ‘  Christiania  Silurbecken”  (1855). 

II.  Keratophyre  from  Rosenblihl,  near  Hof.  Analysed  by  Loretz. 

III.  Quartz-keratophyre,  near  Rathdrnm,  County  Wicklow.  Analysed  by  Dr.  F.  V. 

Hatch 

lY.  Bostonite,  Tutvet,  Hedrum,  Southern  Horway.  Analysed  by  Brogger. 

Y.  Lamprophyre,  Cottonwood  Creek,  Montana.  Analysed  by  Chatard :  an  iiuleter- 
minate  ground -mass  carrying  augite,  iron -oxides  and  mica,  with  porphyritic 
augite  and  olivine. 

VI.  Minette,  Sheep  Creek,  Little  Belt  Mountains,  Montana.  Analysed  by  Hillcbrand  : 

taken  from  a  fresh  and  rather  coarse-grained  rock. 

VII.  Yogesite,  Ponrmile  Creek,  Castle  Mountain  District,  Montana.  Analysed  by 

Pirsson :  contains  augite,  hornblende,  iron-ore,  a  little  plagioclase,  orthocdaso, 
calcite  and  some  decomposition  products  ;  specific  gravity,  2*70. 


iv.  ELiEOLiTE  (nepheline)-Syenite  Family. 

In  this  family  is  comprised  a  series  of  rocks  in  which  the  alkali-felspar  is  accompanied 
by  elaeolite  (nepheline),  but  where  no  excess  of  silica  has  crystallised  out  in  quartz. 

Elseolite- syenite  {N'epheline-syenite),  characterised  by  the  association  of  the  varicsty 
of  nepheline  known  as  elseolite  with  orthoclase,  and  with  minor  proportions  of 
microcline,  plagioclase,  pyroxene,  hornblende,  biotite,  sodalite,  magnetite,  titanic  iron, 
zircon,  sphene  and  other  minerals.  It  is  distinguished  by  the  large  number  of  minerals 
that  occur  in  it  or  in  the  pegmatite  dykes  associated  with  it,  and  in  which  some  of  the 
rarer  elements  are  combined,  such  as  thorium,  yttrium,  cerium,  lanthanum,  tantalum, 
niobium,  zirconium,  &c.  It  is  typically  developed  in  Southern  FTorway  (Brevig,  Laurvig). 
The  structure  is  sometimes  coarse  and  granitic,  with  large  rounded  aggregates  of  felspar, 
elseolite  and  the  hluish  sodalite  ;  sometimes  it  presents  an  assemblage  of  tabular  or 
lath-shaped  felspars  between  which  the  other  two  minerals  are  enclosed,  and  a  more  or 
less  parallel  arrangement  is  produced. 

This  intrusive  rock  has  been  typically  developed  in  Southern  Norway,  where  it  has 
been  studied  in  great  detail  by  Brogger,  who  in  his  elaborate  monograph  supplies  detailed 
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information  regai'ding  its  geological  relations,  chemical  composition,  and  more  especially 
its  remarkable  accompaniment  of  pegmatite  veins  with  their  astonishing  assemblage  of 
minerals.  The  wliole  complex  of  intrusive  material  is  shown  to  be  later  than  Silurian 
time.  Three  types  of  structure  have  been  distinguished  in  this  material  by  Brogger  : 
1st,  the  chief  rock;,  presenting  the  coarsest  aggregate  of  minerals  ;  2nd,  a  medium¬ 
grained  granular  or  granitic  structure  ;  and  3rd,  a  finer-grained  diabase-like  arrangement 
of  the  tabular  felspars.  The  first  of  these  types  he  has  called  Laurdalite,  characterised 
by  the  hypidiomorphic  arrangement  of  its  large  subparallel  felspars  and  the  abundance 
of  its  large  hypidiomorphic  kernels  of  elmolite.^  From  a  half  to  two-thirds  of  the  rock 
consists  of  cryptopjerthite  (soda-orthoclase)  and  soda-microcline  (anorthoclase  of  Kosen- 
biisch),  with  a  little  microperthite.  The®  elseolite  is  frequently  but  not  always  accom¬ 
panied  by  sodalite.  Cancrinite  occurs  sparingly  and  appears  to  be  a  result  of  the 
alteration  of  the  nepheline.  The  mica  is  lepidomelan,  and  comes  next  to  the  felspars- 
and  ebcolite  in  abundance.  Pyroxene  apj)ears  sometimes  like  diallage,  sometimes  as 
diopside.  Aegerine  occurs  sparingly  in  some  varieties.  The  hornblende  minerals  are 
usually  absent  from  the  typical  rock,  as  also  is  olivine. 

Ditroite — a  term  which  has  been  applied  to  several  varieties  of  nepheline-syenite 
rocks,  is  restricted  by  Brogger  to  his  second  type,  possessing  a  normal  granitic  (eugranitic) 
structure.  In  like  manner  he  makes  use  of  the  term  Foyaite,  which  was  somewhat 
vaguely  employed  even  for  rocks  which  contain  little  or  no  nepheline,  and  applies  it 
to  his  third  type,  which  is  marked  by  a  trachytoid  arrangement  of  the  constituent 
minerals.^ 

Pnlaskite — an  acid  rock  relatively  poor  in  alkalies,  with  little  or  no  nepheline,  has- 
been  classed  with  the  nepheline-syenites,  but  passes  into  the  syenites  with  soda. 

Miaskite — a  name  taken  from  Miask  in  the  Ilmengebirge,  is  applied  to  a  coarse 
granitoid  aggregate  of  orthoclase,  elaeolite,  and  black  mica,  the  last  mineral  being 
specially  characteristic. 

Zircon- syenite,  as  the  name  denotes,  is  a  variety  rich  in  zircon. 

Tinguaite— a  rock  with  a  fine-grained  ground-mass,  consisting  of  an  aggregate  of 
felspar,  nepheline  and  aegerine,  with  some  accessory  mica  and  apatite,  through  which  are 
dispersed  crystals  of  soda-orthoclase,  pyroxene,  hornblende,  dark  mica,  a  good  deal  of 
nepheline  filling  interspaces,  and  apatite.  It  is  one  of  the  rocks  found  as  dykes,  and 
is  well  developed  in  Southern  Norway,  where  it  occurs  as  one  of  the  series  of  intrusions 
connected  with  the  syenite.  A  variety,  distinguished  as  ‘‘leucite- tinguaite,”  has  been 
described  from  different  parts  of  the  United  States,  especially  Arkansas,  New  Jersey, 
and  Montana.  An  example  recently  found  as  a  dyke  in  the  post-Cambrian  elseolite- 
syenite  of  Sussex  County,  New  Jersey,  contains  50  per  cent  of  silica,  and  is  roughly 
estimated  to  be  made  up  of  pyroxene  22  per  cent,  nepheline  36,  orthoclase  38,  titanite, 
apatite,  &:c.,  4.^ 

Solvsbergite. — Under  this  name  Brogger  has  described  a  number  of  rocks  with 
little  or  no  quartz,  which  form  part  of  the  great  series  of  dykes  in  Southern  Norway. 
They  are  of  medium  or  fine  grain,  consisting  chiefly  of  alkali-felspars  (mostly  albite  and 
inicrocline)  with  aegerine ;  but  in  the  more  basic  varieties  carrying,  instead  of  the 
aegerine,  sometimes  hornblende  {Katoforite),  sometimes  also  a  peculiar  mica  ;  while  in 
the  most  basic  kinds  the  quartz  disappears  and  nepheline  is  present.  In  chemical 
composition  they  stand  between  the  highly  quartziferous  grorudites  and  the  neplieline- 
bearing  tinguaites.^  An  intrusive  rock  in  the  Cr^zy  Mountains,  Montana,  has  been 

^  ‘Die  Silur-  Etage,’  Christiania  (1882),  p.  273.  ‘Mineral  Syenitpegniatitgaiige, ’  1890, 
p.  32. 

Brogger,  ‘Die  Silur.  Etage,’  ii.  and  hi.  (1882),  pp.  273-283.  ‘Die  Eruptivgest- 
Kristianiageh.’  iii.  (1898),  pp.  7,  162. 

^  J.  E.  Wolff,  EulL  Mus.  Com2}(iT.  Zool.  Marmrd,  xxxviii.  (1902),  p.  273. 

^  ‘  Eriiptivgest.  Kristiaiiiageb,’  i.  (1894),  p.  67. 
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described  by  Messrs.  Wolff  and  Tarr  under  the  name  of  Acmite-trachyte  ;  it  contains 
large  porphyritic  crystals  of  a  triclinic  felspar  which  enclose  apatite,  sodalite,  augite, 
aegerine  and  biotite ;  also  crystals  of  sodalite  and  augite  in  a  ground-mass  of  trachytic 
type,  composed  essentially  of  slender  lath-shaped  felspars  and  acicular  crystals  of 
aegerine,  with  needles  of  acmite,  and  also  apatite  and  magnetite.^ 

Borolanite — a  rock  associated  with  a  large  mass  of  igneous  material  which  has 
disrupted  and  altered  the  Cambrian  limestone  of  Loch  Borolan,  in  the  county  of 
Sutherland.^  It  is  of  medium  grain,  dark-grey,  with  white  patches,  and  consists  of 
orthoclase,  plagioclase,  melanite,  nepheline  in  an  altered  condition,  pyroxene  and 
biotite  with  apatite,  spliene  and  iron-ores  as  accessary  constituents.  Its  chemical 
constitution  is  shown  in  the  table  on  p.  223.  The  rock  is  a  member  of  the  elaiolite- 
syenite  family,  but  is  distinguished  by  the  presence  of  black  garnet  (melanite)  as  an 
essential  constituent. 

Some  eruptive  rocks  may  perhaj)s  be  most  conveniently  placed  here  which  do  not 
fall  naturally  into  any  of  the  other  families,  but  some  of  which  may  be  taken  as  types 
of  distinct  families. 

Shonkinite — a  rather  coarse-granular  holocrystalline  rock,  composed  essentially  of 
orthoclase  and  augite,  the  latter  mineral  being  so  abundant  as  to  form  at  least  one-half 
of  the  mass  by  volume  and  a  greater  proportion  by  weight.  The  rock  contains  likewise 
smaller  amounts  of  olivine  and  iron-ore,  with  accessory  apatite,  sodalite,  nepheline, 
biotite,  etc.  It  has  been  found  and  described  by  Messrs.  Weed  and  Pirsson  in  the 
Highwood  Mountains',  Montana,  from  the  Indian  appellation  of  which  (Shonkin)  they 
have  nam-ed  it.  They  regard  it  as  a  distinct  rock- type  allied  to  the  vogesites  and 
minettes.  Its  composition  is  shown  in  the  annexed  table. 

Ijolite — a  granitoid  rock  consisting  essentially  of  elaeolite  and  pyroxene,  first  found 
in  dykes  in  Finland  and  more  recently  in  Arkansas.  It  consists  largely  of  nephelite  and 
pyroxene  (diopside)  with  melanite,  aegerine,  titanite  and  apatite.  At  Magnet  Cove, 
Arkansas,  it  forms  one  of  a  series  of  stages  of  differentiation.^  It  is  allied  in  composition 
to  the  nephelinites. 

Malignite — a  name  given  by  Professor  A.  C.  Lawson  to  a  family  of  rocks  which  form 
an  intrusive  mass  in  the  Coutchiching  schists  of  Poohhah  Lake  near  the  Maligne  River, 
in  the  district  of  Rainy  River,  Province  of  Ontario,  Canada.  They  are  characterised  as 
holocrystalline,  with  predominant  orthoclase,  having  often  an  acid  plagioclase  in  micro¬ 
scopic  intergrowth,  aegerine-augite  as  their  constant  ferromagnesian  silicate,  with  biotite 
and  a  soda-amphibole.  He  distinguishes  three  types  among  them.  (1)  Nepheline- 
pyroxene-malignite  (sp.  gr.  2*879),  resembling  externally  a  felspathic  dolerite,  and 
composed  of  orthoclase,  nepheline,  apatite,  abundant  black  pyroxene,  occasional  plates 
of  brown  biotite  and  rare  grains  of  sphene,  and  having  a  silica  percentage  ranging  from 
47*63  to  49*15  ;  alumina,  13*16  to  20*1  ;  ferric  oxide,  2*74  to  7*39  ;  ferrous  oxide,  0*8 
to  5*88  ;  lime,  5*4  to  15*70  ;  magnesia,  1*1  to  5*75  ;  potash,  3*68  to  7*1  ;  and  soda,  1*18 
to  5*5.  (2)  Garnet-pyroxene-malignite,  characterised  by  its  prominent  large  thick 
plates  of  pale  pink  orthoclase  imbedded  in  a  parallel  position  in  a  dark  green  moderately 
fine-grained  holocrystalline  matrix,  which  is  an  aggi'egate  of  aegerine-augite,  melanite, 
biotite,  sphene  and  apatite.  The  specific  gravity  of  the  rock  is  2*88.  (3)  Amphihole- 

malignite,  differs  from  the  last-named  type  in  the  smaller  size  of  its  orthoclase  crystals, 
in  the  much  coarser  texture  of  the  dark  green  to  black  matrix  in  whicii  they  are 
imbedded,  and  in  the  preponderance  of  a  lustrous  black  amphibole  in  grains  of  large 
size.^ 


^  BidL  Mus.  Coynpar.  Zool.  Haroardy  xvi.  (18^3),  p.  227. 

Messrs.  J.  Horne  and  J.  J.  Teall,  Trans,  Eoy.  Soc.  Bdin.  xxxvii.  (1892),  p.  163. 

^  H.  S.  Washington,  “The  Foyaite-Ij elite  series  of  Magnet  Cove  :  a  Chemical  Study  in 
Differentiation/’  Joum.  Qeol.  ix.  (1901),  p.  607. 

^  A.  C.  Lawson,  Bull.  Qeol.  University,  California,  vol.  i.  No.  12  (1896). 
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I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

^  VIII.  , 

SiOo  . 

.  54*55 

56*45 

55*50 

56*58 

64*92 

60*20 

47-8 

46-73  ' 

TiO;  . 

1-40 

0*66 

0-501 

0*14 

0-7 

0*78 

ALA  • 

.  19*07 

21*97 

22*45 

19*89 

16*30 

20*40 

20-1 

10*05 

Fe,03  - 

2*411 

1*03 

3*18 

3*62 

1*74 

6-7 

1  3  *.53 

FeO  . 

3*12  1 

3*40 

1*3*2 

0*56 

0*84 

1-88 

0*8 

!  8-20 

MnO  . 

0*17  J 

0*47 

0*40 

trace 

0-5 

'  •  0*28 

MgO  . 

1*98 

1*19 

0*47 

0*13 

0*22 

1-04 

1-1 

9*68 

CaO  . 

3*15 

2*22 

1*60 

1*10 

1*20 

2-00 

5*4 

:  13-2*2 

BaO  . 

1 

trace 

0-8 

NaoO  . 

!  f-e?  i 

f*37 

16*47 

10*72 

6*62 

6*30 

5-5 

i-81 

KoO  . 

4-84 

5*87 

5*48 

5*43 

!  4*98 

6-07 

7*1 

3-76 

HoO  (loss) 

0-72 

0*45 

0*96 

1*77 

1  0*50 

0*33 

2-4 

1*24  i 

PeOs  - 

0-74 

0*28 

trace 

!  *•• 

0*15 

1*51 

SO3  . 

0*13 

0-4 

Cl 

I 

0-09 

0-18 

99*82 

i 

I  99*86 

100-05 

1  99*83 

99*60 

100-47 

99-3 

100*97  : 

1  1 

1  And  Zr02. 

I.  Typical  Laurdalite,  Love,  Longendal.  Analysed  by  G.  Forsberg:  Brogger, 

‘Eruptivgest  Kristianiageb,’  Part  iii.  p.  19. 

11.  Typical  Ditroite,  Bratholmeii,  LaiidgangsfjorJ.  Analysed  by  G.  Forsberg : 

Brogger,  gp.  cit.  p.  167. 

III.  Aegerine-mica,  Foyaite,  Bratliagen.  Analysed  by  G.  Forsberg:  Brogger,  op.  ciL 

p.  176. 

IV.  Tinguaite,  Hedrunx.  Analysed  by  G.  Paykull :  Brogger,  op.  cit..  Part  ii.  p.  113. 

V.  Solvsbergite,  from  the  typical  locality  at  Solvsberget.  Analysed  in  laborat. 

L.  Schmelk  :  Brogger,  op.  cit.  p.  78. 

TI.  Pulaskite,  from  the  type  locality,  Fourche  Mountain,  Little  Rock,  Arkansas. 

Analysed  by  H.  S.  Washington,  Journ.  Gcol.  ix.  (1901),  p.  609. 

VII.  Borolanite,  Loch  Borolan,  Sutherland.  Analysed  by  J.  H.  Player,  Trans.  Hoy. 

Soc.  Edin.  xxxvii.  (1892),  p.  178. 

Till.  Slionkinite,  from  the  Highwood  Mountains,  Montana  :  Weed  and  Pirsson,  BwU. 

Oeol.  Soc.  Amer.  vi.  (1895),  pp.  407-416. 

V.  Diorite  Family. 

Under  the  general  term  Diorite  is  comprehended  a  group  of  rocks  which,  possessing 
a  granitic  structure,  differ  from  the  granites  in  their  much  smaller  percentage  of  silica 
(though  one  section  of  them  containing  free  quartz  approaches  the  granites  in  com¬ 
position),  and  from  the  syenites  in  containing  plagioclase  (chiefly  a  soda-lime  felspar) 
instead  of  orthoclase  as  their  chief  constituent.  Their  second  constituent  is  hornblende 
with  various  accessory  minerals.  They  are  sometimes  divided  into  two  sections,  the 
quartz-diorites  and  the  normal  diorites.  Many  of  these' rocks  were  formerly  included  in 
the  general  division  of  “Greenstones,”  a  word  still  employed  by  many  field-geologists  as 
a  temporary  designation  for  rocks  which  they  encounter  and  have  to  trace  before 
microscopic  and  chemical  evidence  is  available  to  determine  their  true  pctrograpliical 
character. 

Quartz -diorite — a  holocrystalline  granitoid  mixture  of  a  lime -soda -plagioclase 
(oligoclase,  less  frequently  andesine  or  labradorite),  quartz  and  hornblende,  with  generally 
a  small  proportion  of  orthoclase,  biotite  or  augite,  apatite  or  magnetite.  It  outwardly 
resembles  grey  granite,  and,  indeed,  includes  many  so-called  granites,  but  may  usually 
be  distinguished  from  them,  even  with  the  naked  eye  or  with  a  lens,  by  the  striated 
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f^ces  of  its  felspars.  Its  silica  ranges  np  to  67  per  cent,  and  its  specific  gravity  rises 
sometimes  to  2-95.  It  is  an  eruptive  rock  wliieh  occurs  in  bosses  and  thick  intrusive 

sheets  or  dykes.  _  _ 

Diorite  (ITormal  Diorite).— This  rock  possesses  the  typical  granitoid  structure  and 
consists  of  the  same  minerals  as  Quartz-diorito,  except  that  the  cpiartz  is  almost  entirtdy 
absent  Hornblende  and  black  mica  occur  together  in  some  varieties,  pyroxene 
characterises  others  (Augite-diorite),  while  in  some  hiotite  greatly  prcponderatc.s  (Mica- 
diorite).  Under  the  microscope  the  thoroughly  crystalline  structure  is  well  seen,  and 
among  the  pyroxene-diorites  the  felspar  and  pyroxene  are  .sometimes  found  to  be  inter- 
grown  in  ophitic  aggregates.  The  mean  specific  gravity  is  about  2’95,  and  the  eheinic;al 
composition  is  given  in  the  table  of  analyses  on  the  next  page. 

Among  the  varieties  of  diorite,  the  following  may  be  mentioned.  Dio  r i  te-p  o  r  p  h  y  ry 
—a  microgranitoid  ground-mass,  plagioclase  (in  miimte  laths),  alkali-felspar  and  (puirtz, 
with  phenocrysts  of  hornblende,  plagioclase,  quartz  and  grains  of  iron  ores.  (Jorsi  te—  a 
granitoid  mixture  of  greyish -white  plagioclase,  blackish -green  hornblende,  aiul  some 
quartz,  which  have  grouped  themselves  into  globular  aggregations  with  an  internal 
radial  and  concentric  structure  (Orbicular  diorite,  Kugeldiorit,  Napoleonite— Fig. 
7),  typically  developed  in  Corsica,  whence  the  name,  but  found  also  in  Scandinavia.^ 
Tonalite  (from  Monte  Tonale,  Tyrol) — a  quartz -mica -hornblende -diorite  containing 
dihexahedral  quartz,  snow  white  plagioclase,  hexagonal  plates  of  black  mica  and  stumpy 
prisms  of  hlackish-green  hornblende,  in  strongly  contrasted  colours. 

Aphanite. — As  the  granites  pass  into  fine  grained  quartz-porphyries,  and  the  syenites 
into  compact  orthoclase-porphyries,  so  the  diorites  have  their  close-textured  varieties, 
which  are  comprised  under  the  general  term  Aphanite,  divisible  into  Qiairtz- aphanite 
and  Normal  aphanite.  The  general  characteristic  of  these  rocks  is  that  the  constituent 
minerals  become  so  minute  as  to  disappear  from  the  naked  eye.  They  arc  dark  heavy 
close-grained  masses.  They  merge  into  the  basic  diabases  (p.  233). 

Kersantite— -a  more  or  less  compact  mica-diorite,  through  which  porphyritici  crystals 
of  biotite,  sometimes  of  large  size,  are  dispersed.  Orthoclase,  pyroxene,  and  even  a  little 
quartz  may  he  present.  The  rock  is  found  in  dykes  and  other  intrusive  forms. 

Porphyrite. — This  term  has  been  already  explained,  hut  may  be  again  mentioned 
here.  As  it  is  now  applied  to  Palaeozoic  or  older  intrusive  rocks  composed  mainly 
of  plagioclase -felspar  with  hornblende  or  biotite  or  both  these  minerals,  sometimes 
with  a  little  quartz,  crystals  of  orthoclase,  augite  and  other  minerals,  some  varietie.s 
in  composition  and  structure  approach  the  diorites,  others  come  nearer  to  the  andesites. 
Distinctive  names  are  given  to  some  of  these  varieties,  as  EornUende-'porphyrite,  Ilorn- 
lUiide-micaporphyfite. 

Camptonite  (Basic  Diorite,  Porphyritic  Diorite) — a  name  given  by  Hoscnbusch  to  a 
group  of  dark  dyke-rocks,  having  somewhat  the  aspect  of  basalt,  with  a  compact  ground - 
mass  composed  mainly  of  felspar  microlites  with  small  prisms  of  basaltic  hornblende, 
a  little  hiotite,  green  augite,  apatite,  titaniferous  iron,  and  streaks  of  devitrihed  glass. 
Porphyritic  crystals  of  hornblende  occur,  more  rarely  of  felspar,  while  some  varieties 
contain  analcime.- 

Epidiorihe  Under  this  general  term  is  included  a  group  of  rocks  which  have 
originally  been  pyroxenic  eruptive  masses,  but,  by  metamorphism,  have  acquired  a 
crystalline  re-arrangement  of  their  constituents,  the  pyroxene  being  changed  into 
hornblende,  often  fibrous  or  actinolitic,  the  felspar  becoming  granular,  and  the  whole 
rock  having  often  acquired  a  more  or  less  distinctly  schistose  structure.  The  dark 
intrusive  sheets  associated  with  the  crystalline  schists  of  the  Scottish  Plighlands  and 

71“  - - — — - - - - — - - - _ — 

N.  0.  Holst  and  P.  Eichstadt,  Geol.  FUren.  Stockholm  Forhandl.  vii.  p.  134. 

2  Hawes,  ^Mineralogy  and  Lithology  of  New  Hampshire,’  1878,  p.  160  ;  Amer.  Journ. 
Sd.  xvii.  (1879),  p.  147  ;  Rosenhusch,  ‘  Massige  Gest,’  p.  333  ;  Brogger,  ‘  Eruptivgest-Kristi- 
aniageb,’  iii.  p.  48. 
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the  north  of  Ireland  are  largely  epidiorites.  Some  of  these  rocks  are  quartziferous, 
hat  many  of  them  belong  to  the  basic  scries  (p.  252). 

Table  SHOwii^a  the  Chemical  Comtosition  of  some  Members  of 
THE  DiORITE  TaMCILY. 


I. 

11- 

111. 

lY.  ■ 

V. 

1  vr. 

SiO.,  . 

63-97 

62-18 

50-73 

48-73 

54*49 

41  -94 

AUO.J  . 

15-78 

15-77  ' 

19-99 

11-92 

17*25 

15-36 

J'eA  • 

2-35 

1-83  1 

3-20 

4*79 

0*86 

3-27 

leO 

1-87 

2-44 

4-66 

4*55 

2*4-2 

9-89 

MgO  . 

2-84 

3-55 

3-48 

5-93 

1*24 

5-01 

€a0 

3-71 

4-13  , 

8-55 

9-24 

3-79 

9*47 

NagO 

4-36 

3-92  ' 

4-03 

2*62 

4-19 

1  5  *15 

. 

4-01 

'  3-91  ! 

1-89 

2-47 

4-15 

0*19 

HoO 

0-58 

1-00 

0-77 

1  1-52 

0-60 

TiO,  . 

0-48 

0-55  , 

1-59 

:  1-34 

1  0*51 

4-15  1 

ToO, 

0-40 

0'32 

0-81 

'  0-32 

0-23 

1 

hInO 

1  0-05 

trace  ' 

0-05 

'  0-35 

trace 

0-25  1 

NiO 

'  trace 

... 

I 

SOa 

trace  ! 

0-k 

1 

Cl 

0-4  1 

OTl 

! 

haO 

0-43  1 

0-27 

trace 

'  0-30 

[  i 

SrO 

0T6  1 

0-11 

•  0-08 

lioO 

trace 

trace 

trace 

loss  3*29  1 

cdo 

5-80 

2*47 

1 

i 

100-40 

100-23  . 

100-13 

100-05 

100-11 

i  100-04 

I.  Qiiartz-mica-diorite,  Hurricane  Ridge,  Absaroka  Range.  Analysed  by  W.  H.  MelYille, 
A.  U.  B,  G.  B,  No.  168,  p.  94  :  rock  described  by  hidings  in  Monograph  xxxii. 
Part  ii. 

n.  Diorite -porphyry,  Steamboat  Mountain,  Montana.  Analysed  by  W.  F.  Hillehrand, 
SOth  An9i.  Ilcp.  U.  S.  Gf.  /S.  Part  iii.  p.  517  :  rock  described  by  Pirsson. 

HI.  Diorite  from  main  mass,  Big  Timber  Creek,  Crazy  Monntains,  Alontana.  Analysed 
by  W.  F.  Hillebrand,  B.  U.  S.  G.  S.  No.  168,  p.  122:  contains  biotite,  augite, 
labradorite,  quartz,  orthoclase,  apatite  and  magnetite. 

IV.  Kersantite,  Big  Horn  Pass,  Yellowstone.  Analysed  by  Whitfield,  ojo.  cit.  p.  110  : 
rock  described  by  Iddings  {Moncgraph  xxxii.  Part  ii.),  contains  hornblende, 
plagioekse,  orthoclase,  quartz,  augite,  biotite,  magnetite,  chlorite,  calcite  and 
apatite ;  the  augite  and  hornblende  partly  decomposed. 

V.  Porphyrite  from-  dyke  in  contact  zone,  Sweet  (frass  Creek,  Crazy  Mountains, 
Montana.  Analysed  by  W.  F.  Hillebrand,  Z'.  £7.  B.  G,  B.  No.  16S,  p.  120: 
contains  brown  hornblende,  biotite  and  labradorite  in  a  ground-mass  of 
plagioclase,  biotite  and  hornblende,  with  a  little  quartz  and  orthoclase. 

VI.  Camptonite,  from  the  typical  locality,  Canipton,  New  Hainpjshire.  Analysed  by 
Hawes. 


yi.  Teachyte  Pamily. 

Trachyte — a  term  originally  applied  to  modern  volcanic  rocks  possessing  a  charac¬ 
teristic  roughness  (rpax^js)  under  the  linger,  is  now  restricted  to  a  group  of  compact, 
usually  pale,  hat  sometimes  brown  and  ewen  black  porpliyritic,  frequently  cellular, 
rocks,  consisting  essentially  of  sanidine,  wdtb.  more  or  less  tricliiiic  felsp')ar,  augite,  horn¬ 
blende,  biotite  and  magnetite,  sometimes  with  apatite  and  tridyinite.  They  are 
distinguished  from  the  rhyolites  (quartz-trachytes)  by  the  absence  of  free  quartz,  and 
VOl.  I  Q 
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by  tlie  smaller,  proportion  of  vitreous  or  niicrolitie  (micro-felsitic)  ground-mass.  The 
saiiidine  crystals  present  abundant  steam-pores  and  glass-inclusions,  as  well  as  lioni- 
blende-microlites  and  magnetite.  In  some  varieties,  the  ground-mass  appears  to  l»e 
entirely  composed  of  colourless  microlites  of  ortlioclase  crowded  together  in  what  is 
known  as  “fluctuation-structure  ”  (p.  131),  together  with  needles  and  grains  of  the  darker 
silicates  and  of  magnetite ;  in  others,  minor  degrees  of  devitrilication  can  be  tracful, 
until  the  ground-mass  ])asses  into  a  glass  (trachyte-^glass).  The  trachytes  have  been 
grouped  as  Augite4mcliyte,  AmpUhole-trachyte,  and  BiotiteAmchytr.  BhonoliUc-trachyle. 
is  a  variety  in  which  some  slight  admixture  of  sodalite,  aegerine  or  acniite  may  he 
detected  in  dnisy  cavities  or  only  as  microscopic  constituents,  thus  somewhat  aj)proac*.h- 
ing  the  plionolites.  In  like  manner  those  dark  varieties  which  show  a  marked 
proportion  of  triclinic  felspar,  and  thus  have  some  of  the  characters  of  andesites,  are 
known  as  Andesitic  trachytes.  The  specific  gravity  of  normal  trachyte  is  about  2 ‘6*. 
The  chemical  composition  is  shown  in  the  following  table.  ^ 

Trachyte  is  an  abundantly  diffused  lava  of  Tertiary  and  post-Tertiary  date.  It 
occurs  in  most  of  the  volcanic  districts  of  Europe  (Siebengebirge,  Nassau,  Transylvania, 
Bay  of  Naples,  Euganeaii  Hills) ;  in  the  Western  Territories  of  the  United  States  in 
New  Zealand.  It  also  occurs  among  the  Old  Bed  Sandstone  and  OarboniferouH  volcanic- 
rocks  of  Scotland.® 

Domite  (so  named  from  the  Puy-de-D6me)  is  a  porous  loosely  aggregated  trachyte, 
having  a  microlitic  ground-mass,  through  wliich  are  dispersed  tridymite,  sanidine, 
much  plagioclase,  hornblende,  magnetite,  biotite,  and  specular  iron.  Soda-trachytes 
is  a  name  given  to  Pantellerite  {amte,  p.  213),  a  variety  rich  in  oligoclase,  found  in 
Pantelleria. 

Phonolite  (Nepheline- trachyte) — a  term  suggested  by  the  metallic  ringing  .sound 
emitted  by  the  fresh  comp)act  varieties  (‘‘Clinkstone”  of  older  authors)  wlien  .stnude. 
It  is  now  applied  to  a  compact,  grey  or  brown,  quartzless  mixture  of  sanidine  and  iicqjhe- 
line,  usually  with  some  haiiyne,  which  may  be  accompanied,  as  accessory  const ituents, 
by  pyroxene,  hornblende,  or  mica.  The  rock  is  rather  subject  to  decomposition,  hence, 
its  fissures  and  cavities  are  frequently  hlled  with  zeolites.  Tlie  rock  often  splits  into 
thin  slabs  which  can  be  used  for  roofing  purposes  (Porphyrschiefer,  Hormschiefer). 
Occasionally  it  assumes  a  porphyritic  texture  from  the  presence  of  large  crystals  of 
sanidine,  hornblende,  or  biotite.  When  the  rock  is  partly  decomposed  and  takes  a 
somewhat  porous  texture,  it  resembles  normal  trachyte.^ 

It  is  a  thoroughly  volcanic  rock,  and  generally  of  Tertiary  date.  It  occurs  some¬ 
times  filling  the  pipes  of  volcanic  orifices,  sometimes  as  sheets  which  have  been  poured 
out  in  the  form  of  lava-streams,  and  sometimes  in  dykes  and  veins.  It  is  extensively 
developed  in  Bohemia,  the  Hegau,  and  in  Central  France.  Some  of  the  great  bosses 

^  On  trachyte  consult  T.  Miigge,  Jd'eues  Jahrb.  1883,  ii.  p.  192  ;  von  Dechen,  ‘  Geognost. 
Fiilir.  Siebengebirg.’ 1861,  and  ‘Vulkan.  VordereifeU  1886;  vou  Richthofen,  Jahrh.  (Awl. 
Reichsanst.  Vienna,  xi.  p.  153 ;  Szabo,  A.  D.  G.  O.  xxix.  (1877),  p.  635  ;  Zirked,  ‘  Micro. 
Petrog.’  p.  143  ;  King,  ‘Explor.  40th  Parallel,’  i.  p.  578. 

It  would  appear  that  much  of  what  has  been  regarded  as  trachyte  in  Western  America 
is  andesite,  consisting  essentially  of  plagioclase,  and  not  of  sanidine.  The  normal  trachytes 
are  now  described  as  bornblende-niica-andesites,  and  the  augite-trachytes  are  hyperstlnme- 
angite-andesites,  most  of  the  rest  being  dacites,  and  some  of  them  rhyolites.  Plague  and 
Iddiugs,  Amer.  Jour.  Sd.  xxvii.  (1884),  p.  456. 

®  Trans.  Roy.  Soc.  Mdin.  xxxvii.  p.  122,  Presidential  Address,  Q.  J.  O.  S.  xlviii.  (1892), 
p.  112,  ‘Ancient  Volcanoes  of  Great  Britain,’  i.  pp.  276,  379. 

4  Boricky,  ‘Petrograph.  Stud.  Phonolitgestein.  Bohmens,’  ArcMv  La7idesduTchfor- 
sdiung  Bbhmm,  1874.  G.  F.  Fohr,  “Die  Phonolite  des  Hegau’s,”  VerE  Phys.  Med.  (/es, 
W%rA)urg,  xviii.  (1883).  Fouqu4  and  Michel-L4vy,  ‘  Mineral.  Micrograph.’  Whitman  Cross 
Bvil  U.  S,  0,  S.  No.  150. 
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or  eruptive  vents  connected  with  the  Lower  Carboniferous  teohyte  lavas  of  Haddington¬ 
shire  have  been  determined  by  Dr.  Hatch  to  be  true  phouolites. 

With  the  phonolites  may  be  classed  Leucite-phoaolite,  wliere  the  felspathoid  is 
leiicite  instead  of  nepheline,  and  Nosea ii- trachyte  (Nosean-pbonolite),  or  Hauyne- 
trachyte  (Hauyne-phon elite),  with  nosean  or  hauyne  taking  the  place  of  the  felspar 
of  ordinary  phonolite. 

Trachyte-Glass. — In  regions  where  trachyte  rocks  are  well  developed,  various  vitreous 
forms  of  them  may  be  observed.  Thus  in  the  islands  of  Ischia  and  Procida  and  in  the 
neighbouring  Phlegrtean  fields  glassy  forms  of  augite-trachyte  occur  both  in  the  form 
of  obsidian  anil  of  pumice,  but  chemical  analysis  shows  them  not  to  belong  to  the  acid 
rhyolite.s.  The  following  table  gives  the  composition  of  some  trachytic  rocks  : — 


I. 

II. 

HI. 

SiO.^ 

.  '  57*73 

57*86 

60*77 

A1oO;5  . 

.  '  18*93 

20  **26 

19-83 

FeP-j 

.  '  1  *97 

2 -35 

414 

FeO 

1*92 

0*39 

•2*43 

MgO 

0-91 

0-04 

0*34 

CaO 

2*78 

0*89 

1*63 

NaoO 

5  -52 

9 ‘47 

4-90 

K.,0 

6*11 

5*19 

6*27 

h;d 

3*15 

2*61 

0**24 

TiO., 

0*33 

0*22 

.  . 

0*25 

0*03 

ZrOo 

trace 

0*15 

Cr.,0,  . 

trace 

v;o..;  . 

0*01 

NiO 

trace  ? 

MuO 

0*06 

0*21 

trace 

SrO 

0*09 

0*04 

BaO 

0*16 

0*09 

Li.,0 

.  ■  trace 

trace 

SO, 

0*06 

s'. 

0-03  i 

Cl  . 

0*08  ' 

F  . 

? 

COo 

0*26 

none 

FeS;  . 

0*02 

1 

100*20 

99*7 

100-55 

! 


I.  Biotite-trachyte,  Dyke  Mountain,  Yellowstone  Park.  Analysed  by  W.  F.  Hille- 
brand,  B.U.S.G.S.  No.  168,  p.  98  :  contains  orthoclase,  plagioclase,  biotite  and 
magnetite. 

II.  Phonolite,  Black  Hills,  Dakota.  Analysed  by  W.  F.  Hillebrand,  op.  cit.  p.  84:  rock 
described  by  Whitman  Cross,  op.  cit.  No.  150,  p.  191 :  contains  sanidine, 
nepheline,  aegerine,  nosean  and  sodalite,  with  accessory  sphene,  apatite  and 
zircon,  and  possibly  some  rare  zirconates  or  titanates. 

III.  Trachyte- glass,  Ischia.  Analysed  byC.  W.  C.  Fuchs,  Zirkel,  ‘Lehrbuch,’  ii.  p.  400. 
This  eolunin  may  be  taken  as  a  fair  type  of  the  older  style  of  analysis  ;  the 
other  two  columns  illustrate  the  more  detailed  modern  method. 

Besides  the  rocks  in  the  Trachyte  family  above  enumerated  otliers  more  or  less 
divergent  from  the  general  type  have  received  special  names,  and  may  be  alluded  to 
here.  From  his  studies  of  the  old  Italian  volcanic  districts,  Mr.  H.  S.  Washington  has 
introduced  Y  ulsinite  (and  Biotite-vulsinite)  to  denote  a  group  of  rocks  corresponding 
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to  tlie  trachy-dolerites  of  Abich  and  Hartung,  and  to  some  of  the  andesitic  trachytes  of 
Eosenhusch,  and  which  he  regards  as  eliiisive  representatives  of  Brogger’s  abyssal 
monzonites.^  Ciminite  includes  certain  rocks  intermediate  between  trachyte  and  ande¬ 
site,  but  marked  by  their  large  amount  of  magnesia  and  the  presence  in  them  of  olivine  ;  - 
Toscanite — rocks  resembling  the  two  last  groups  in  containing  basic  plagioclase  as 
well  as  ortlioclase,  but  diflfering  from  them  in  being  more  acid  (SiOo ,  63  to  72  per  cent), 
and  even  containing  free  quartz.^  He  classes  these  together  with  the  Absarokite, 
Shoshonite  and  Banakite  of  Iddings  (jpostea,  p.  236)  as  a  “  Trachy-clolerite  ”  series,  which 
stands  on  the  trachytic  side  of  the  andesites,  while  the  basalts  come  on  the  other  side.^ 
Mr.  Ransome  has  found  among  the  lava-flows  of  the  western  slope  of  the  Sierra  Kevada, 
California,  some  further  varieties,  which  he  has  grouped  under  the  name  of  Latite, 
characterised  by  the  occurrence  of  a  (hyalopilitic)  ground-mass  of  labradorite  laths, 
grains  of  augite  and  a  turbid  globulitic  glass  through  which  are  scattered  phenocrysts  of 
labradorite,  augite  and  olivine.  Their  silica  percentage  ranges  from  56*19  to  62*33.® 
Leucite- trachyte — a  dark -grey  compact  aphanitic  ground-mass  of  andesitic 
structure,  through  which  are  scattered  in  profusion  leucite  crystals,  making  in  places 
more  than  a  third  of  the  bulk  of  the  rock  :  found  in  the  Viterbo  volcanic  district.  “ 

In  Leucite-phonolite  (p.  227)  the  leucite  is  sometimes  altered  into  an  aggregate  of 
nepheline  with  orthoclase  grains  and  crystals.'^ 


vii.  Andesite  Family. 

The  term  Andesite,  originally  given  by  Von  Buch  to  certain  lavas  found  in  the 
Andes,  is  now  applied  to  a  large  series  of  rocks  once  grouped  with  the  trachytes,  but  now 
distinguished  from  them  by  having  plagioclase  as  their  felspar,  and  by  their  more  basic 
character,  which  connects  them  with  the  dolerites  and  basalts.  In  fresh  examples  they 
are  dark  grey,  or  even  black,  with  a  compact  ground-mass,  through  which  striated 
felspar  prisms  may  generally  be  observed.  They  often  assume  cellular  and  porphyritic 
structures.  At  the  one  end  of  the  series  stand  rocks  containing  free  silica  (Dacite), 
while  at  the  other  are  basalt-like  masses  of  much  more  basic  composition  (Augite- 
andesite).  Under  the  microscope  the  ground-mass  presents  more  or  less  of  a  pale 
brownish  glass  crowded  with  microlites  or  minute  laths  of  felspar,  so  as  to  present  a 
characteristic  felted  (hyalopilitic)  appearance  with  a  marked  flow -structure.  This 
“microlitic  felt”  is  a  distinctive  character  of  the  Andesites. 

Dacite  (Quartz-andesite) — comp)osed  mainly  of  plagioclase,  quartz  and  mica,  with  a 
varying  amount  of  sanidine  as  an  accessory  constituent,  and,  by  addition  of  hornblende 
and  pyroxene,  graduating  into  hornblende-andesite.  The  ground-mass  has  a  felsitic, 
sometimes  spherulitic,  glassy,  or  finely  pumiceous  base.  The  average  specific  gravity  of 
the  rock  is  between  2*5  and  2*6,  and  its  chemical  composition  is  shown  in  the  table  of 
analysis  on  p.  231.  Dacite  occurs  intrusively  and  also  as  sheets  of  superficial  lava.  It 
has  been  observed  in  the  Euganean  Hills,  also  in  Hungary  and  some  other  parts  of 
Europe,  but  it  is  most  extensively  developed  in  the  Great  Ba.sin  and  other  tracts  of 
western  hTorth  America  among  Tertiary  and  recent  volcanic  outbursts.® 


1  Journ.  Geol.  iv.  (1896),  p.  547  ;  v.  (1897),  }).  250. 

Op.  cit.  p.  834. 

^  Op.  cit.  V.  (1897),  p.  37. 

^  Op.  cit.  p.  366. 

®  Amer.  Journ.  Set.  v.  (1898),  p.  355. 

®  H.  S.  Washington,  “  Italian  Petrological  Studies,”  No.  II.  JoicTTh.  Geol.  iv.  (1896), 
p.  840;  V.  (1897),  p.  248. 

Op.  cit.  V.  p.  43.  i 

®  Iddings,  Monograph  xx.  TJ.  S.  G.  S.  p.  368. 
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Hornbleade- andesite^  consists  of.  triclinie  felspar  (especially  laljradorite  or 
aiidesine),  with  liornbleiide,  aiigite,  mica,  magnetite  and  apatite.  Tlie  ground-mass 
resembles  that  of  trachyte,  presenting  sometimes  remains  of  a  pale  glass.  The  }:)orpliy- 
ritic  minerals  frequently  show  eYidence  of  liaving  been  mucli  corroded  before  consolida¬ 
tion.  Hornblende-andesite  is  found  among  tlie  Tertiary  and  post-Tertiary  wolcanic  rocks 
of  Hungary,  Transylvania,  Siebeugebirge,  and  in  some  of  the  Western  Territories  of  the 
United  States.  According  to  researches  by  Messrs.  Hague  and  Iddiiigs,  gradations 
from  this  rock  into  basalt  and  hypersthene-andesite  can  be  traced  in  California,  Oregon,  ^ 
and  Washington.  These  rocks,  therefore,  cannot  be  said  to  have  sharply  defined  and 
distinct  forms.-  According  to  the  predominance  of  “the  minerals,  varieties  are 
distinguished  as  liornblende-mica-aiidesite,  mica-hornblende-andesite,  and  mica- andesite. 
Under  the  name  of  hornblende-mica-andesite  American  petrographers  have  described  a 
frequent  variety  of  rock  throughout  the  Great  Basin,  characterised  by  the  vitreous 
appearance  of  its  felspar,  its  rough  porous  traeliyte-like  ground-mass,  and  the  presence 
of  mica  as  an  essential  constituent.  This  term  will  include  a  large  proportion  of  the 
rocks  hitherto  classed  as  trachytes,  but  in  which  the  felspar  proves  to  be  plagioclase  and 
not  sanidine.^  The  specific  gravity  of  these  rocks  ranges  between  2*5  and  2*7,  their 
chemical  composition  is  illustrated  by  the  analysis  in  the  following  table  (p.  231). 

Trachytic  Andesite  is  a  name  sometimes  given  to  andesites  in  which  the  ground - 
mass  resembles  that  of  trachyte  in  structure,  with  phenocrysts  of  triclinic  felspar, 
hornblende,  biotite  and  pyroxene.  The  intimate  relation  of  the  two  families  of  rocks  is 
further  shown  by  the  use  of  such  a  term  as  andesite  trachyte.*^ 

Pyroxene-andLesite — includes  dark  heavy  basalt-like  rocks,  with  a  compact  or  finely 
crystalline,  sometimes  more  or  less  distinctly  vitreous,  ground-mass  which  under  the 
microscope  presents  the  characteristic  microlitic  felt,  and  through  wliich  are  usually 
dispersed  phenocrysts  of  labradorite  or’oligoclase,  with  aiigite  and  abundant  magnetite, 
sometimes  with  olivine,  hornblende  or  mica  (Augite-andesite).  The  specific  gravity 
of  these  rocks  is  from  2*5  to  2*7,  and  their  chemical  composition  is  indicated  by  the 
analysis  in  the  following  table. 

It  was  formerly  supposed  that  the  poyroxene  of  the  andesites  was  always  augite.  But 
rhomhic  forms  of  the  mineral  have  now  been  frequently  detected.  Under  the  name  of 
Hy  persth  ene-aiidesite,  certain  Tertiary  or  recent  rocks,  stretching  over  vast  areas  in 
Western  America,  have  been  described  as  associated  with  other  andesites  and  basalts. 
They  are  black  to  grey,  or  reddish -grey,  in  colour,  and  vary  in  texture  from  denso, 
thoroughly  crystalline  forms,  to  others  approaching  white  glassy  pumice,  tb(3  base 
under  the  microscope  ranging  from  a  brown  glass  to  a  holocrystalline  structure.  The 
magnesian  silicate  is  poyroxeiie,  chiefly  in  the  orthorhombic  form  as  hypersthene,  but 
partly  also  as  aiigite.  An  analysis  of  the  pumiceous  form  of  the  rock  gave  62  per  cent  of 
silica,  while  the  j)ercentage  of  the  same  constituent  in  the  glass  of  the  base  was  found 
to  rise  to  69*94.^  While  the  Dacites  have  affinities  with  the  Rhyolites,  and  the 
Hornblende-andesites  with  the  Trachytes,  the  Pyroxene-andesites  approach  tlie  basalts 
in  composition  and  mode  of  occurrence. 

The  older  forms  of  pyroxene- an  desite  are  generally  more  or  less  decayed,  and  appear 

^  See  Zirkel,  ‘Microscop.  Petrog.’  p).  122.  King,  in  vol.  i.  of  ‘  Explor.  40th  Parallel/ 
p.  562.  Hague  and  Iddings,  Ama\  Jovrii.  Sci,  xxvi.  (1883),  p.  230. 

^  Amer.  Rmm.  JSai.  Sept.  1883,  p.  233. 

^  Hague  and  Iddings,  Ame/\  Jovrii.  ^cL  xxvii.  (1884),  p.  460.  hidings,  Moaoi/raph  xx. 
r.  S.  G.  S.  p.  364. 

■*  Tor  an  illustration  see  0.  liiva,  ‘Sulle  Trachiti- aiidesitiehe  della  Tolfa,’  Milan, 
1898. 

®  ■Whitman  Cross,  U.  >8.  (A.  S.  1883,  Uo.  1.  Hague  and  Iddiiig.s,  Aimr.  Journ, 

aHcA.  xxvi.  (1883),  p.  226;  x.xvii.  (1884),  p.  457.  Iddiiig.s  gives  a  detailed  description  of 
the  pyroxene-andesites  of  the  Eureka  district  in  Monogrcf.jih  xx.  C,  A  G.  >8.  pp.  348-364. 
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as  dull  sometimes  earthy,  generally  reddish  or  brownish  rocks.  Jliese  alto  c  l  ty  pc.s 
were  formerly  grouped  uoder  the  name  of  Porphyrite.  They  are  now  identified  as  in- 
doubtedly  decayed  forms  of  andesite,  usually  of  pyroxene-andesite.  When  f  i  e.she.st  they 
are  dark  grey  or  black,  sometimes  even  preserving  a  pitcbstoiie-like  ground-mass.  ^  i  hey 
are  commonly  porpliyritic,  and  sliow  abundant  scattered  crystals  of  p  tigioc^  a.s( ,  css 
commonly  of  mica.  Their  texture  varies  from  coarse  crystalline  to  exceedngly  close- 
errained,  passing  occasionally  into  vitreous  varieties  (Yetholm,  Cheviot  llillH).  Rocks 
of  this  type  have  been  abundantly  poured  forth  as  lavas  during  Paleozoic  time,  and  they 
occur  as  interstratilied  lava-beds,  eruptive  sheets,  dykes,  veins,  and  irregular  1>o«hch. 
In  Scotland  they  form  masses,  several  thousand  feet  thick,  erupted  in  the  time  of  the 
Lower  Old  Led  Sandstone,  and  others  of  wide  extent  and  several  hundred  ^  tcet  in 
depth  belonging  to  the  Lower  Carboniferous  period.  In  Germany  ‘  ‘  porphyn  t.cn  a]»pear 
also  at  numerous  points  among  formations  of  later  Paleozoic  age. 

Pyroxene-andesite  occurs  in  dykes,  lava-streams,  jilateaiix,  sheets,  an(l  ncck-likti 
bosses  in  regions  of  extinct  and  active  volcanoes,  as  in  the  volcanoes  of  the  Kast  Indu's, 
Inner  Hebrides,  Antrim,  Transylvania,  Hungary,  Santorin,  Iceland,  Teueriths^  the 
Western  Territories  of  North  America/  the  Andes,  New  Zealand,  &c.  Many  fif  the 
rocks  of  these  regions  now  classed  under  this  name  were  long  known  and  describod  as 
dolerites  and  basalts.  Indeed,  there  is  the  closest  relation  between  them  and  tint  trim 
olivine-bearing  dolerites  and  basalts.  The  latter  occur  among  the  Tertiary  v<)lcaui<; 
plateaux  of  Britain,  interstratilied  with  rocks  which,  not  containing  oliviin*,  liavci  lumn 
placed  among  the  andesites.  Neither  in  their  inode  of  occurrence  nor  to  tin?  eye  in 
hand  specimens  is  there  any  good  distinction  to  be  drawn  between  them.  But  th(^ 
andesites  are  chemically  less  basic,  and  they  present  the  characteristic,  inicrolitic  felt 
under  the  microscope  which  differs  from  the  structure  of  the  dolerites  and  basalts. 

Propylite — a  name  given  by  Richthofen  to  certain  Tertiary  volcanic  rocks  of 
Hungary,  Transylvania,  and  the  Western  Territories  of  the  United  States,  consisting  of 
a  triclinic  felspar  and  hornblende  in  a  fine-grained  non- vitreous  ground-musH,  and  closely 
related  to  the  Hornblende-andesites.  Their  distinguishing  feature  is  the  great  alteration 
which  they  have  undergone,  whereby  their  ferro- magnesian  constituentB  have  be(*n 
converted  into  chlorite,  and  their  felspars  into  epidote.  Some  quartziferons  propyl  ites 
have  been  described  by  Zirkel  from  Nevada,  wherein  the  quartz  abounds  in  liquid  in¬ 
clusions  containing  briskly-moving  bubbles,  and  sometimes  double  enclo.sures  with  an 
interior  of  liquid  carbon-dioxide. A  specimen  from  Storm  Canon,  Fisli  Creek  M  ountains, 
contained  silica,  60*58 ;  alumina,  17*52  ;  ferric  oxide,  2*77 ;  ferrous  oxide,  2*f>3  ; 
manganese,  a  trace;  lime,  3*78  ;  magnesia,  2*76;  soda,  3*30  ;  potash,  4*46  ;  carbonic 
acid,  a  trace.  Loss  by  ignition,  2*25  ;  specific  gravity,  2*6  to  2*7.  The  geologists  of  tlm 
Geological  Survey  of  the  United  States  believe  that  the  rocks  included  under  the  tmun 
“propylite”  in  the  western  parts  of  America  represent  various  stages  of  the  decomposi¬ 
tion  of  granular  diorite,  porpliyritic  cliorite,  diabase,  quartz-porphyry,  liornblendi*- 
andesite,  and  augite-andesite.^  The  name  has  been  more  recently  applied  by  Roscmbusch 
and  others  to  rocks  which  have  undergone  alteration  by  solfataric  action.^ 


^  Pyroxene-andesites  are  largely  developed  in  California,  where  they  have  been  slndii'd  by 
Professor  A.  C.  Lawson  and  Mr.  C.  Palache.  BiiU.  GcoL  Unii\  (Jalifomia,  ii.  No,  12 
(1902),  p.  411. 

-  Zirkel’s  ‘Microscopical  Petrography,’  p.  110.  King,  ‘  Exidoration  of  40th  Paralhd,’ 
L  p.  545.  C.  E.  Dutton’s  “High  Plateaux  of  Utah”  [U.  S.  Geograylikal  wmJ  aedoumd 
Survey  of  tJw  Rocky  Mountains),  chaps,  iii.  and  iv.  Hague  and  Iddings,  Amer.  Joicrn.  ScL 
1883. 

^  G.  P.  Becker  on  the  Comstock  Lode,  Reports  of  U.  S.  Geological  Survey  1880-81,  and 
his  full  memoir  in  vol.  iii.  of  the  Monographs  of  U.  S.  GeoL  Survey  (1882).  Hague  and 
Iddings,  Anur.  Joitrn.  Sci.  xxvii.  (1884),  p.  454. 

Judd,  Q.  J,  G.  S.  xlvi.  (1890),  p.  341.  See  Propylitisation,  postea,  p.  772. 
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1.  Dacite,  north-west  base  of  Lassen  Beak,  California.  Analysed  by  \V.  F.  Hillebrand  : 
contains  (juartz,  felspar,  biotite  and  hornblende,  imbedded  in  a  (dear  jniinieeous 
glass,  R.U.SJr.S.  No.  168,  p.  ISO,  and  Diller,  No.  150,  p.  218. 

II.  Hornblende-andesite,  east  side  of  ]\Ioiint  Shasta.  Analysed  by  H.  N.  Stokes  : 
contains  small  crystals  of  plagioelase  and  ho]*nblende  in  a  dark  groimd-mass, 
RM.S.G.S.  No.  168, -p.  176. 

III.  Pyroxene-andesite,  Sierra  Grande,  Colfax  County,  New  Mexico.  Analysed  by  W.  F. 
Flillebrand  :  contains  angite,  less  hypersthene,  inicrolitlis  of  i)lagioclase,  apatite, 
magnetite  and  a  smoky-brown  glassy  base.  Op.  rif.  p.  171,  deseriVjed  by 
Whitman  Cross,  op.  elf.  p.  171.^ 

viii.  G.^unno,  D<jlkijite  and  Basalt  I'amily, 

We  now  enter  U})on  the  consideration  of  an  interesting  sennes  of  roftks  distinguished 
by  their  low  .silica  p)ercentage,  and  the  relative  abundance  of  their  basic  constituents.  A 
similar  range  of  structure  can  be  traced  in  them  as  in  the  acid  and  intermediate  series 
already  described.  At  the  one  extreme  come  rocks  with  a  holocrystalline  structure 
like  thegabbro.s,  passing  into  others  of  a  herni-crystalline  cliaracter  (dolerites)  where,  amid 
abundant  crystals,  crystallites  and  microlites,  there  are  still  traces  of  the  original  glass, 
and  then  graduating  into  types  where  the  texture  is  still  closer,  with  more  abundant 
ground-Tnass  and  often  a  more  basic  composition  (basalts),  until  at  the  other  end  come 
true  basic  volcanic  glasses,  which  externally  might  be  mistaken  for  the  pitclistones  and 
obsidians  of  the  acid  rocks.  The  more  coarsely  crystalline  (holocrystalline)  varieties  are 
almost  always  intrusive  in  bosses,  sills  or  dyk(3S.  Those  of  closer  texture  are  often  found 
as  superficial  lavas  as  well  as  in  intrinsive  forms. 

^  On  the  chemical  composition  of  the  Andesites  see  a  suggestive  pajjer  by  Professor  Iddings 
on  ^‘Tlie  Volcanic  Rocks  of  the  Ande.s,”  Journ.  deal.  i.  (1893),  pp.  164-175. 
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Gabbro'-a  eroup  of  coarsely  crystalline  rooks  composed  ot  plagioclase  (labradonte  m 
aiiorthite),  pyroxene,  frequently  olivine,  and  also  magnetite  or  titanifcrous  J 

pyroxene  in  the  normal  gabbros  is  diallage  or  angite,  but  may  be  a  rlionibic  species,  lloi  i  - 
blende  or  mica  may  also  be  present.  Occasionly  tree  quartz  is  visible,  lliesc  miiicial.s 
occur  in  allotriomorpliio  forms,  as  in  granite  ;  but  they  sometimes  assume  opliitu- 
relations  which  lead  into  the  rock  termed  Doleritc.  The  felspar  has  often  lost  its  vit  rcmis 
lustre  and  passed  into  the  dull  opaque  condition  known  as  saussurite,  when  the  rock  lias 
been  called  Saussurite-gabbro  or  Euphotide.  The  diallage  is  distinguished  by  its  scliiller- 
spar  lustre.  Some  gabbros  include  a  little  metallic  iron,  the  minute  grains  of  ivlii.di  are 
revealed  by  being  coated  with  copper  when  exposed  to  an  acid  solution  of  cniirio  .siilplmte 

While  the  structure  is  on  the  whole  granitoid,  some  gabbros  present  a  hairri<*(I 
arrangement  of  their  component  minerals,  the  white  felspar  alternating  with  dark  layers 
of  the  iromores  or  ferro-magnesiaii  constituents,  so  as  to  present  a  strong  resemldaiua! 
to  the  internal  structure  of  gneiss  (p.  256  and  papers  there  cited). 

Various  types  ofgabhro  are  distiiigiished  by  special  names.  Those  in  whicdi  the 
pyroxene  is  a  rhombic  form  are  termed  Korite  (Hypersthenite,  Hyperite,  hchillerlelH). 
The  more  acid  varieties  are  known  as  Quartz-gahbro  and  (i^iiartz-norite.  W  here 
olivine  becomes  marked  it  gives  rise  to  Olivine-gabhro  and  Olivine-norite  granitoid 
orophitic  compounds  of  plagioclase,  olivine,  pyroxene  and  magnetic  or  titaidferouH  iron. 
When  the  pyroxene  disappears  the  rock  becomes  Troctolite  (Forcdlenstciu)  a  mixture 
of  white  anorthite  with  dark-green  olivine,  which  receives  its  name  from  the  supposed 
resemblance  of  its  speckled  appearance  to  that  of  the  side  of  a  trout.  WTien  the  oliviiK*-  i.s 
absent  the  compound  is  a  Pyroxene-rock  (Augite-rock,  Diallage-rock).  Where  lioth 
the  ferro-magnesian  constituents  become  greatly  reduced  or  fail,  the  rock,  which  then 
consists  of  a  mass  of  pale  felspar,  is  tremed  Labrador-rock  (Labrador fels.  Anorthosite)-” 
Occasionally  hornblende  appears,  either  over  and  above  the  pyroxene,  or  as  a  result  of  the 
alternation  of  the  latter,  when  the  compound  is  known  as  Hornblen  de-gahbro. 

The  specific  gravity  of  the  gabbros  ranges  hetw^een  2*85  and  3 TO.  Their  chemical 
composition  varies  with  the  changes  in  the  proportions  of  their  mineral  constituents, 
hut  may  be  gathered  from  the  analyses  in  the  table  on  p.  239. 

Theralite — a  name  given  by  Rosenbusch  to  a  family  of  his  ‘‘ TiefcngeHteims” 
embracing  neo-voloanic  effusive  rocks  mainly  composed  of  a  mixture  of  plagiocdasc?  and 
nepheline,  with  augite  sometimes  olivine  or  hornblende  ;  to  which  l>iotite,  apatite  and 
iron-ores  may  he  added. ^ 


^  On  Gabhro  see  Lessen,  Z.  I).  Q.  G.  xix.  p.  651.  Lang,  cit.  xxxi.  p.  484.  Zirke! 
on  Gabbros  of  Scotland,  o^.  dt.  xxiii.  1871.  Judd,  Q,  J.  Q.  S.  xliii.  (1886),  p.  49.  <1.  IT. 
Williams,  Bull  U.  Z.  G.  S.  No.  28  (1886) ;  Amer.  QeoL  vi.  (1890),  p.  85.  F.  D.  Chester, 
Bull.  U.  S.  G.  S.  No.  59  (1890).  M.  E.  Wadsworth,  Geol.  Sun\  Mimmota.  Bull.  2,  1 887. 
A.  N.  Winchellhas  published  a  detailed  study  of  the  gabbroid  rocks  of  Minnesota,  Amer. 
Geol.  xxvi.  (1900),  pp.  151,  197,  261,  348.  W.  S.  Bayley  [Jmrn.  Geol.  i.  1893,  p.  435)  has 
given  an  interesting  ‘  History  of  the  Classification  of  the  Gabbros  and  nearly  related  Rocks.’ 
The  banded  arrangement  of  gabbros  has  been  described  by  Lessen,  Z.  D.  G.  (L  xliii.  1891, 
p.  533  ;  A.  G.,  Tmns.  Roy.  Roc.  Edin.  xxxv.  (1888)  ;  Q.  J.  G.  S.  1.  (1894),  pp.  212,  645  ; 
Cmnpt.  rend.  Cong.  Geol.  Intermt.  Zurich,  1897  ;  Elftmann.  Geol.  Fat.  Hist.  Rurr.  Min¬ 
nesota,  23rd  Rep.  (1894),  p.  224 ;  A.  Lacroix,  Bull.  Cart.  Q'eol.  France.  No.  67  (1899),  p.  39  ; 
H.  W.  Fairbanks,  Bull.  Geol.  Univ.  California,  ii.  (1896),  p.  78  ;  Loewinson-Lessing,  Trm\  Roc. 
Fai.  St.  Feiersb.  xxx.  No.  5  (1900).  Compare  also  J.  P.  Iddings,  Monog.  U.  S.  (1.  S.  No. 
xxxh.  Part  ii.  p.  67,  where  a  handed  structure  in  dacite-porphyry  is  noticed.  The  analogy 
of  the  handed  structure  of  some  gabbros  to  that  of  ancient  gneisses  is  remarkably  close. 
(Book  IV.  Part  VIII.  §  ii.) 

^  On  the  Anorthosites  of  the  Minnesota  coast  of  Lake  Superior,  see  A.  C.  Lawson,  Bull. 
No. ‘9,  Geol.  Fat,  Mist.  Surv.  Minnesota  (1893). 

®  These  rocks  were  first  described  by  J.  E.  Wolft'  from  the  Crazy  Mountains,  Montana. 
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Dolerite — an  important  group  of  basic  rocks,  which  connect  the  gab1)TOS  with  the 
basalts  and  include  many  of  the  rocks  once  termed  ‘  Greenstones.  ”  They  arc  composed 
of  labradorite  (or  anortliite),  with  some  ferro -magnesian  mineral  (augite,  enstatito, 
olivine  or  mica)  and  magnetic  or  titaiiiferoiis  iron.  As  a  rule,  they  are  holocrystalline, 
the  constituent  felspar  and  pyroxene  or  olivine  being  characteristically  grouped  in 
ophitic  structure,  but  a  little  residual  glass  may  occasionally  be  detected.  They  occur 
in  bosses,  sills  and  dykes,  esi)ecially  as  the  subterranean  accompaniments  of  the 
volcanic  action  which  has  thrown  out  augite -andesites  and  basalts  to  the  surface,  but 
seldom  as  superficial  lavas.  Their  speeilic  gravity  averages  from  ’2*75  to  2*96.  Their 
chemical  constitution  is  indicated  in  the  table  on  p.  239. 

Different  names  have  been  proposed  for  the  chief  varieties  of  these  rocks.  The 
most  important  are  Olivine-dolerite — a  dark,  heavy,  close-grained  finely-crystallinc 
rock,  with  scattered  olivine,  apt  to  weath er  with  a  brown  crust.  0  li  v  i  n  e-f r  e  e  d  o  1  e  r i  t  e 
— a  similar  rock  but  containing  no  olivine.  Enstatite-dolerite  contains  enstatite  in 
addition  to  the  other  ingredients.  Ne])heline“dolerite  has  the  felspar  larg(dy  or 
entirely  replaced  by  neplieline  (see  p.  237). 

Diabase.^ — This  term  has  been  employed  in  various  different  senses.  Under  it  is  here 
placed  a  group  of  p)yroxenic  rocks  which  appear  to  depend  for  some  of  the  most  marked 
of  their  peculiarities  upon  their  antiquity  and  the  consequent  alteration  which  they 
have  undergone.  They  are  dark  green  or  black  rocks  found  in  older  geological 
formations,  and  consist  essentially  of  triclinic  felspar,  augite,  magnetite  or  titaiiiferoiis 
iron,  apatite,  sometimes  olivine,  usually  with  more  or  less  of  diffused  greenish  cliloritie 
substances  (viridite)  which  have  resulted  from  the  alteration  of  the  augite  or  olivine. 
Some  carbonate  of  lime  is  usually  present  as  a  decomposition -product.  The  rocks  thus 
agree  generally  in  coinpositioii  with  the  dolerites,  allowance  being  made  for  the 
varying  amount  of  alteration.  Like  these  rocks  they  may  be  subdivided  into 
dialiase  without  olivine  (normal  diabase),  but  in  the  more  acid  varieties  with  a 
little  free  quartz,  and  olivine-diabase.  Some  varieties  have  been  distiiigiusli(‘(l  as 
enstatite-diabase,  in  which  a  rhombic  pyroxene  is  present.  The  diabases  ge.nerally 
possess  an  ophitic  structure,  the  felspar  crystals  being  enclosed  within  the  augite. 
Their  specific  gravity  is  about  2*9,  and  their  chemical  composition  is  illustrati'd  by  one 
of  the  columns  in  the  next  table  of  analyses. 

As  in  ordinary  dolerite,  gradations  may  be  traced  from  coarsely  crystalline  diabase* 
into  exceedingly  fine-grained  and  compact  varieties  (l)iabase-aphanite),  which  some¬ 
times  assume  a  fissile  character  (Diabase-schiefer)  where  they  have  been  subjected  to 
crushing  or  cleavage.  Some  kinds  present  a  porpliyritic  structure,  and  show  disj)ersed 
crystals  of  the  component  minerals  (Diabase-porpliyry,  Labrador-porphyry,  Augitc- 
porphyry) ;  or,  as  in  some  varieties  of  diorite,  a  concretionary  arrangement  is  produced 
by  the  appearance  of  abundant  pea-like  bodies  of  a  compact  material,  imbedded  in 
a  compact  or  finely  crystalline  ground-mass  (Variolite ‘'^).  When  the  green  compact 
ground-mass  contains  small  kernels  of  carbonate  of  lime,  sometimes  in  great  iiumbcrK, 
it  is  called  Calcareous  aphanite  or  Calcaphauite.  Sometimes  the  rock  is  {ibundantly 
amygdaloidal.  Though,  as  a  rule,  free  silica  does  not  occur  in  it,  some  varieties  found 
to  contain  this  mineral,  possibly  a  secondary  product,  have  been  distinguished  as 

^  The  student  will  find  in  the  J^eitsch.  Deutsch.  (JeoL  Oes.  1874,  p.  1,  an  importaiit 
memoir  by  Dathe  on  the  composition  and  structure  of  diabase.  See  also  ‘Die  I)ial)ase  des 
Obereii  Eubrthals.’  A.  Schenek,  Inaug.  Dissert.  Verh.  not.  Verein.  Rhein.  Wentphal.  1884. 
H.  Backstriim,  ‘  Ueber  frernde  Einscliliisse  in  einigen  Skandiuavischen  Diabasen,’  Jilhrmg. 
ASrenak.  Vet.  Akad.  Hccndl.  xvL  (1890),  ii.  No.  1.  The  bibliography  of  diabase  i.s  fully  given 
in  the  text-books  of  Zirkel  and  Rosenbusch. 

“  Michel-Levy,  /i.  K  (w.  F.  3rd  ser.  xi.  ji.  282.  A.  Gr.,  Tmns.  R<nf.  Sne.  Kdin.  xxxi. 
p.  487. 

See  on  Variolite,  G.  A.  J.  Cole  and  J.  W.  Gregory,  Q.  J.  (i.  K  xlvi.  (1890),  p.29r>. 
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Quartz -diabase.  A  variety  containing  hornblende  is  termed  Prot(;rol)a.s(t.  0])hit(*,  a 
variety  occurring  in  the  Pyrenees,  contains  diallage  and  epidote  (]).  153).  Further 
points  of  connection  with  the  dolerites  and  basalts  are  furnished  l)y  the  0{iea.Hi()nal 
occurrence  of  a  pitclistone  structure  in  diabase,^  and  by  the  rare  inclusion  of  analcite 
among  the  crystalline  constituents  of  the  rock.- 

Diabase  occurs  both  in  contemporaneous  beds  and  in  bosses,  dykes  and  sills. 
Probably  the  Epidiorites  noticed  on  p.  224  Avere  formerly  sheets  and  dykes  of  material 
like  diabase,  before  the  conversion  of  their  pyroxenic  constituent  into  hornblende. 

Anainesite— aname  given  by  Leonhard  in  his  ^ Basaltgebilde  ’  (1832)  to  those 
members  of  the  family  in  which  the  constituents  are  for  the  most  part  too  niiimte  to 

be  recognised  by  tlie  naked  ('.ye,  and  Avhich 
therefore  occupy  a  middle  place  hetweeu  tin* 
more  coarse-grained  dolerites  and  the  mon^  com- 
])act  basalts.  The  term  is  now  seldom  nsetd. 

Teschenite  —  a  name  first  apjiliiul  to  .some 
rocks  in  the  Cretaceous  sy.stem  of  Silesia  and 
Moravia,  consisting  of  plagiodase,  lirown  ainphi- 
hole,  green  or  pink  aiigitc  and  a  largii  admixturfj 
of  analcime.  They  have  been  subdivided  into 
at  least  two  groups,  one  of  which  is  placed  Avith 
the  diabases,  Avhile  the  otlicr  appears  to  be 
specially  cliaracterised  by  a  mixture  of  ])Iagio- 
elase  and  neplieline.'^  Augite-tcscdieiiitci  has 
been  described  from  California,  avIici’cj  it  was 
lirst  called  analcite-diabase.-* 

Fig  31. -Microscopic  Struc.ture  of  Basalt  Basalfc-’-a  group  of  black,  e.xtremcly  com- 
(magnified).  The  large  shaded  crystals  ,  i  i  i 

are  Olivine  considerably  serpentinised ;  ’  apparently  homogeneous  locks,  wdiieh 

the  imnierous  small  white  prisms  aui  break  Avitli  a  spliiiteiy  or  conchoidal  fracture, 
Plagioclasp.  A  few  Augite  prisms  occur  and  ill  which  tlie  component  minerals  can 

Avhich,  to  the  right  of  the  centre  of  the  only  be  observed  Avith  the  microscope,  urdesH 
drawing,  are  aggregated  into  a  large  \  , 

compound  crystal.  The  black  specks  they  are  scattered  porphyntically  through 

are  Magnetite.  the  mass  (Fig.  31).  The  minerals  consiKt  of 

plagioclase  (labradorite  or  anortliite),  pyroxene 
(usually  angite,  but  occasionally  a  rhombic  lorin),  olivine,  magiu'.tite  or  titaniferoiis 

^  B.  K.  Emerson,  J}uU.  (JeoL  Sac.  A/ficr.  viii.  (1897),  p.  59. 

-  H.  W.  Fairbanks  on  Analcite-Diabase,  BnlL  GeoL  Uuir.  California,  i.  No.  9(1895). 

_  3  C.  E.  M.  Eohrbach,  Tschermak’s  Mitlhml.  vii.  (1885),  p.  1.  This  adhoi-  gives  as  the 
primiiry  constituents  of  these  rocks  plagioclase,  augite,  hombleiide,  biotite,  oliviiie,  apatite 
titaniferous  iron,  magnetite,  orthoelase  ?  and  titanite.  Among  the  .secondary  elenuuits  lie 
reckons  analcime,  uatrolite,  apophyllite  and  other  zeolite.?.  The  occurrence  of  analcite  as  an 
oariginal  eonstituent  of  some  basic  rock.s  in  the  United  State.s  .seeni.s  to  be  now  tolcrablv 
certain  (p.  238).  ^ 

■<  H.  -W.  Fairbanks  [BuU.  Gcol.  V,iw.  Crdifor.Lut  ii.  1896,  19),  who  reganU  tlie 

analcime  of  the  rock  as  a  secondary  product  after  nepheline. 

I*  On  basalt  rook.?  see  K.  C.  v.  Leonhard,  ‘Die  Basaltgehilde.’  2  vols.  1832  Zirkel's 
^saltgerteme,’  1870.  Boricky’.?  ‘  Petrographische  Stiidien  an  den  Bamatgestei.ien 
^hine^  m  .  ArcAfc  fm  ^cUu■nolSS.  JMulesidiinhfmwhuwj  'am  Bulimen,  ii.  1873. 

f?'  >  y  ■  <?•  <s.  XXX.  p.  529.  Miihl,  Ah)®.  Act.  Acad.  Leap.  Oaral.  xxxvi  (18731 
Vi  ’  T,  P-  *’•  Basalts  of  kunia, 

of LiWn  •  hat  •  t  ^  XXXV.  (1888),  'Ancient  Volcanoes 
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iron.  Many  years  ago,  Andrews  detected  native  iron  in  the  basalt  of  Antrim. 
More  recently  Mordenskiold  found  this  suhstance  at  Disco  Island,  in  large  bloehs 
like  meteorites  {ctnU,  p.  93),  and  in  smaller  pieces  abundantly  diffused  through  the 
Tertiary  basalt.  The  ground -mass  of  the  basalts  presents  under  the  microscope 
traces  of  glass  in  which  are  imbedded  minute  granules,  hairs,  needles,  and  microlitcs 
of  felspar  and  aiigite.  The  proportion  of  this  base  varies  within  wide  limits,  inso¬ 
much  that  while  in  some  parts  of  a  basalt  it  so  preponderates  that  the  [individual 
crystals  are  scattered  widely  through  it,  or  are  drawn  out  into  beautiful  streaks  and 
eddies  of  fluxion  structure,  in  others  it  almost  disa})pears,  and  the  rock  then  a})pears 
as  a  nearly  crystalline  mass,  which  thus  graduates  into  dolerite  and  basic  andesite. 
The  component  Minerals  frequently  appear  porphyritically  dispersed,  esi)ecially  the 
olivine,  tlie  pale  yellow  grains  of  which  are  characteristic. 

The  normal  Basalts  or  ]Fels])ar  Basalts  are  su.sceptible  in  Central  Soobland  of 
subdivision  into  two  groups,  those  which  contain  olivine  and  those  vvliich  do  not.* ** 
They  thus  agree  with  the  range  of  composition  of  the  dolerites.  There  is  indeed  the 
closest  connection,  between  basalt  and  dolerite,  the  difference  being  one  of  structure 
arising  from  the  circii  in  stances  under  which  the  magma  cooled  and  consolidated  The 
basalts  represent  on  the  whole  the  superlicial  outflows  and  injected  dykes  of  the  magma, 
while  the  dolerites  in  large  measure  belong  to  the  more  subterranean  (hypabyssal) 
portions  of  the  same  material. 

Two  types  of  basalt  have  been  reeogni.sed  in  the  great  basaltic  outbursts  of  Western 
America:  (1)  the  porpliyritic,  consisting  of  a  glassy  and  microlitic  or  micro-crystalline 
ground-mass,  bearing  relativ'ely  large  crystals  of  olivine,  felspar,  and  occasionally  aiigitc', 
a  structure  showing  close  relations  to  that  of  many  andesites  ;  (2)  the  granular  (in  the 
sense  in  which  that  term  is  used  by  Eosenhiiscli  (p.  130,  noie)) — an  aggregate  of  (prite 
uniform  grains,  composed  of  well-developed  plagioclase  and  olivine  crystals,  with  ill- 
defined  patches  of  augite,  and  frecprently  with  a  considerable  amount  of  glass-base.  By 
diminution  of  olivine  and  augmentation  of  silica,  and  the  appearance  of  liypcrsthene, 
gradations  can  be  traced  from  true  olivine-basalts  into  normal  andesites.  Basalts  with 
free  qiiartx  are  not  infrequent  in  various  regions  of  Western  America.  - 

Basalt  occurs  in  amorphous  and  coliiiiiiiar  sheets,  which  may  alternate  with  each 
other  or  with  associated  tuffs.  It  also  forms  ahundant  dykes,  veins,  and  intrusive 
bosses.  It  frecpiently  assumes  a  cellular  strneture,  which  become.s  aniygdiiloidal  by  the 
deposit  of  calcite,  zeolites,  or  other  minerals  in  the  vesicles-  A  relation  maybe  traced 
between  the  development  of  ainygdales  and  the  state  of  the  rock  ;  the  more  amygdaloidal 
the  rock,  the  more  it  is  decomposed,  whence  the  inference  has  been  drawn  that  the 
amygdales  have  probably  in  large  measure  been  derived  by  infiltrating  water  from  the 
basalt  itself.  There  can  be  no  doubt,  liowever,  that  at  least  in  .some  cases  the  infflling 
of  the  vesicles  with  zeolites,  &c-,  has  taken  place  during  the  volcanic  period,  perhaps 
from  the  action  of  hot  water  charged  with  mineral  solutions.'* 

Vitreous  Basalt  (Basalt-glass,  Tachylyte,  Hyalomelan).  * — Basalt  }>asses  into  a 

*  A.  G.,  ‘Ancient  Volcanoes  of  Britain,”  i.  p.  418. 

“  Hague  and  hidings,  Ai/icr.  Journ.  Ac-i.  xxvi.  (1884),  ]).  456.  Iddings,  oj).  cU.  xxxvi. 
(1888),  }>.  208,  Bull  U.  (/.  iS.  No.s.  66  and  79.  J.  S.  Diller,  jbner.  Joiivn.  BcL  xxxiii. 
(1887),  p-  45.  The  occurrence  of  quartz  iii  basaltic  and  many  lampropliyric  rocks  has  been 
noted  in  different  parts  of  Europe,  hut  the  grains  with  their  signs  of  corrosion  liave  generally 
been  regarded  as  foreign  materials  derived  from  the  explodon  of  sandstone  or  .similar  rocks 
through  which  the  igneous  rock  has  risen.  (See  Zirkel,  ‘Behrlmch,’  ii.  p.  891.)  The 
grains  in  some  at  least  of  the  iiriierican  examples  would  rather  seem,  however,  to  be  original 
constituents.  On  the  quartz-hasalts  of  the  the  Permian  (?)  volcanic  necks  of  Scotland,  see 
A.  G.,  ‘  G-eology  of  Eastern  Tife,’  in  Mei/i.  (Jeol.  Aicrn.  Bcotlaml,  1902. 

**  ‘Ancient  Volcanoes  of  Britain,’ ii.  X).  1^9. 

F.  Riitley, Ruy.  dV<A  Boc.  y/V'7<o^A  iv.  Partiv.  (1877),  p.  227.  See  Judd  and 
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condition  wliicli,  even  to  the  naked  eye,  is  recognisable  as  that  of  a  true  glass  Jhis 
more  especially  takes  place  along  the  edges  of  dykes  and  intrusive  sheets.  Where  an 
external  skin  of  the  original  molten  rock  has  rapidly  cooled  and  consolidated,  in  contact 
with  the  rocks  through  which  the  eruption  took  place,  a  transition  can  he  traced 
within  the  space  of  less  than  a  quarter  of  an  inch  from  a  crystalline  dolerite,  aiiaincBito, 
basalt,  or  andesite  into  a  black  glass,  which  under  the  microscope  assumes  a  pale  brown 
or  yellowish  colour,  and  is  isotropic,  but  generally  contains  abundant  microhtes, 
sometimes  with  a  globular,  spherulitic,  or  perlitic  structure.  In  such  cases  it  Heenis 
indisputable  that  this  glass  represents  what  was  the  general  condition  of  the  whoht 
molten  mass  at  the  time  of  eruption,  and  that  the  present  crystalline  atrueture  of  the, 
rock  was  developed  during  cooling  and  consolidation.  The  glassy  forms  of  basalt 
undergo  alteration  into  a  yellowish  substance  called  Palagonite  (p.  174).  It  is  worthy 
of  remark  that  in  the  analyses  of  vitreous  basalts,  the  percentage  of  silica  rises  usually 
above,  while  their  specific  gravity  falls  below,  that  of  ordinary  crystalliin^  basalt. 

The  basalts  are  the  heaviest  members  of  the  family  to  which  they  belong,  their 
specific  gravity  ranging  between  2*85  and  3*10.  Their  chemical  composition  is  indicated 
on  the  following  table  of  analyses  (p.  239).  Thoroughly  volcanic  in  origin,  and  ai)p<‘ar- 
ing  in  lava-streams,  plateaux,  sills,  necks,  dykes,  and  veins,  they  display  the  coluiimar 
structure  so  commonly  among  their  finer-grained  varieties  that  the  term  “basaltic,  ”  has 
been  popularly  used  to  denote  it.  It  is  found  both  in  surface-lavas  and  in  in  j(‘.cted 
masses.  Among  the  Tertiary  basaltic  plateaux  of  the  Inner  Hebrides  the  coin  inns  ar(‘.  often 
smaller  and  more  curved  and  irregular  than  in  the  sills  and  dykes.  As  already  stated, 
it  has  been  assumed  by  some  writers  that  basalt  did  not  begin  to  he  erupted  until  the 
Tertiary  period.  But  true  basalt  occurs  abundantly  in  Scotland  as  a  product  of  Lower 
Carboniferous  volcanoes,  and  exhibits  there  a  variety  of  types  of  minute  striietun^.  ^ 

Basic  Pumice. — Though  the  acid  lavas  furnish  most  of  the  pumice  with  which  we 
are  familiar,  some  of  the  basic  kinds  also  assume  a  similar  structure.  Thus  at  Hawaii, 
the  basic  pyroxenic  or  olivine  lavas  give  rise  to  a  pumiceous  froth. 

Melaphyre. — A  place  may  be  found  here  for  a  consideration  of  this  term,  whiidi 
probably  has  been  move  diversely  employed  than  any  other  in  petrogra})hical  literature. 
Originally  proposed  by  Brongniart,  it  has  subsequently  been  applied  in  various  hoiikch 
by  different  writers  to  include  rocks  which  range  in  structure  and  composition  from  thii 
more  basic  andesites  to  true  olivine-basalts,  and  which  for  the  most  part  belong  to  }>rc- 
Tertiary  eruptions  (though  some  Tertiary  lavas  have  been  described  as  melaphyre). 
These  rocks  are  essentially  basalts  which,  owing  to  their  long  exposure,  have  undergone 
more  or  less  alteration.  If  the  term  is  to  he  retained  as  a  definite  rock-name  it  .should  be 
restricted  to  an  altered  type,  and  preferentially  to  the  older  altered  basalts.  The  meda- 
phyres  will  then  bear  somewhat  the  same  relation  to  the  basalts  that  the  diahascH  <lo  to 
the  dolerites.  As  thus  defined,  they  are  somewhat  dull,  black,  dark  brown,  reddish,  or 
green  rocks,  often  amygdaloidal  and  showing  their  porphyritic  minerals  in  an  altered  con¬ 
dition,  the  olivines  especially  being  changed  into  serpentine  or  replaced  by  magnetiti* 
or  even  by  haematite.  ^ 

Absarokite,  Shoshonite,  Banakite  group. — Under  this  name  Profe.S8or  Iddings 


Cole,  q.  J.  O.  S.  xxxix.  (1883),  p.  444.  Cole,  op.  cit.  xliv.  (1888),  j).  300.  P.  F. 
Kendall,  Qeol.  Mag.  1888,  p.  555.  M.  P.  Heddle,  Trans,  (hoi.  Soc.  Glasgow,  1893,  p.  80. 
Cohen,  Nems  Jahrh.  1876,  p.  744  ;  1880  (ii.),  p.  23  (Sandwich  Islands). 

1  A  G.,  Tram.  Roy.  Soc.  Edin.  xxix.  (1879),  p.  437.  Presidential  Address,  Q.  J.  (L  S. 
(1892),  p.  129,  and  ‘Ancient  Volcanoes  of  Britain,’  L  p.  418,  where  the  types  of  micro¬ 
scopic  structure  observed  by  Dr.  Hatch  and  Professor  Watts  are  enumerated. 

^  For  some  account  of  the  use  of  the  word  melaphyre  see  Brongniart,  ‘  Classification  et 
Caraetkes  minkalogiqnes  des  Roches  homog^nes  et  hdterogenes,’  1827,  p.  106.  Naumarm, 
‘Lehrhuch  der  Geognosie,’  i.  p.  587.  Zirkel,  ‘Petrographic,’  ii.  p.  847.  Rosenbusch 
‘Mikro^op.  Physiogr.’  ii.  p.  1044. 
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lias  clescri'bed  a  series  of  rocks  associated  witli  the  Ibasalts  and  andesites  of  the  Yellowstone 
^rational  Park,  hawing  a  basaltic  aspect  and  occurring  as  lava-flows  and  dykes.  They 
possess  a  considerable  range  of  texture  and  composition,  and  for  conwenience  are  sub¬ 
divided  into  three  classes  which  graduate  into  each  other.  The  first  and  most  basic 
class  (Absarokite)  has  a  ground-mass  varying  from  a  dark  glass  through  aphanitic  iorms 
to  an  almost  phauerocrystalline  light  grey  mass,  and  enclosing  abundant  plienocrysts 
of  olivine  and  angite,  but  vtdth  none  of  felspar.  The  proportion  of  silica  is  from  46  to 
52  per  oeut^  of  alumina  9  to  12,  of  magnesia  8  to  13,  and  a  moderately  high  jiercentage 
of  alkalies,  the  potash  being  generally  higher  than  the  soda.  The  second  class 
(Shoshoiiite)  is  distinguished  by  the  presence  of  phenocrysts  of  labradorite,  augite  and 
olivine,  with  silica  50  to  56  per  cent,  alumina  17  to  19*7,  lime  4*3  to  8,  magnesia 
2*5  to  4*4,  potash  3*4  to  4*4,  soda  3  to  3*9.  The  rocks  of  the  third  class  (Banakite), 
mostly  found  in  dykes,  are  highly  felspathic  with  a  smaller  amount  of  ferromagnesiaii 
minerals,  chiefly  biotite  with  subordinate  augite.  These  contain  51  to  61  per  cent  of 
silica,  16*7  to  19*6  of  alumina,  3*5  to  6  of  lime,  1  to  4  of  magiie.sia,  3 '8  to  4*5  of  soda, 
and  4*4  to  5*7  of  potash.^ 

I^epheline -basalt,  &c. — Zirkel  proved  that  certain  black  heavy  rocks,  having 
externally  the  aspect  of  ordinary  basalt,  contain  little  or  no  felspar,  the  part  of  that 
mineral  being  taken  in  some  by  nepheline,  in  others  by  leucite.  They  are  volcanic 
masses  of  late  Tertiary  age,  but  occur  much  more  sparingly  than  the  true  basalts-  When 
nepheline  entirely  replaces  felspar  the  rock  is  known  as  ISTepheline- basalt  if  it  con¬ 
tains  olivine,  and  T7ephelinite  when  that  mineral  is  absent.  lYepheline-basalt  is 
widely  di.stribated  on  the  continent  of  Europe.  Thus  it  appears  in  the  Eifel,  the 
Odenwald,  Hesse,  Franconia,  Saxony,  Bohemia,  Trance,  the  Pyrenees  and  Scania,  yet  it 
has  never  been  detected  in  any  part  of  the  vast  tracts  of  felspar- basalt  that  extend  from 
the  north  of  Ireland  through  the  Western  Isles  and  the  Faroe  Isles  into  Iceland  and 
Greenland.  ISleplielinite  is  found  in  many  of  the  districts  where  Repheline- basalt 
occurs. 

INepli  eline-basanite  is  the  name  a.ssigned  to  those  varieties  iu  which  both  felspar 
and  nepheline  occur,  together  with  olivine  ;  Avhen  the  latter  is  ah.seiit  the  rock  is  called 
H epheline-tephr ite.-  These  rocks  have  a  similar  distribution  to  those  mentioned 
in  the  foregoing  p)aragra])li.  They  are  found  also  in  the  Canary  Islands. 

Mr.  Washington  has  dlstiiiguLslicd  by  the  name  of  Kulaite  an  allied  rock  from 
Lydia  in  Asia  Minor,  containing  perhaps  20  per  cent  of  nepheline,  besides  aiiorthite, 
albite  and  orthoclase,  together  with  diopside  and  olivine.'* 

A  similar  series  of  compounds  to  those  just  described  occiins  with  leucitc  instead  of 
nepheline  as  the  felspathoid.  Leu cite-basalt  contains  no  fekspar,  and  has  olivine 
as  an  essential  constituent ;  when  that  mineral  is  absent  the  aggregate  is  called 
Leucitite.  Again,  when  felsjmr  is  present  besides  the  leucite,  the  rock  is  known  as 
Leucite- basanite  if  it  contains  olivine,  and  Leiicite-tephrito  if  it  does  not. 
These  rocks  have  a  general  resemblance  externally  to  felsj)ar-basalt,  with  which  they 
were  at  first  confounded.  They  are  found  among  the  extinct  volcanoes  of  the  Plifel 
and  Italy,  and  in  the  modern  lavas  of  Vesuvius.  Leucite-basalt  occurs  together  with 
iiepheline-basalt  in  various  parts  of  the  Continent,  particularly  the  Kifel,  Hesse,  Erzge¬ 
birge  and  Bohemia.  Leucitite  has  been  noticed  in  the  Eifel,  but  its  chief  European 
region  is  among  the  old  volcanic  tracts  of  Italy,  especially  Bracciano  and  Alban  o.  It 
has  been  met  within  Wyoming,  and  has  there  suggested  the  name  of  “Leucite  Hills.” 
Leucite  -  basanite  lias  also  been  sparingly  found  in  the  Eifel,  more  abundantly  in 
Bohemia,  but  most  plentifully  among  the  ancient  and  modern  lavas  of  Italy,  the  modern 

^  J.  P.  Iddings,  Journ.  OeoL  hi.  (1895),  p.  935. 

^  For  a  detailed  account  of  Nepheline-tephrite  see  K.  Hinterleclmer,  “Ueber  Ba.salt- 
gesteine  aus  0.stb6hrnen,”  yaArA  K.  JC,  Oeal.  Rdehscnist.  Yieinia,  1900,  ]:)p.  469-526. 

^  JouTTi.  (/euL  viii.  (1909),  p.  610,  and  previoii.s  writings  there  cited. 
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lava-streams  of  Vesuvius  being  referable  to  tins  rock.  Lencite-tejrhrite  is  met  with  at 
the  Kaiserstiilil,  in  Northern  Bohemia,  and  at  Rocca  Moiifina  and  other  volcanic  dis¬ 
tricts  of  Italy. 

Melilite-Basalt. — In  continuation  of  Zirkel’s  research,’ A.  Stelzner  showed  that 
in  some  basalts  the  part  of  felspar  and  nepheline  is  played  hy  melilite.-  In  outer 
appearance  the  rocks  possessing  this  composition,  and  to  which  the  name  of  Melilite- 
basalt  has  been  given,  cannot  be  distinguished  from  ordinary  bascdt.  Under  the  micro¬ 
scope,  the  groiind-inass  apj)ears  to  be  mainly  composed  of  transparent  sections  of  melilite, 
either  disposed  without  order,  or  ranged  in  fliixioii  lines  round  the  large  olivine  and 
augite  crystals ;  hut  it  also  contains  chromite  (?),  microlitic  aiigite,  brown  mica, 
abundant  magnetite,  with  perowskite,  apatite,  and  probably  iie{)heline.  (Swabian  Alb, 
Bohemia,  Saxon  Switzerland,  &c.) 

A  melilite-hasalt  frotn  Ainu,  on  the  coast  of  Westernorrland,  Sweden,  wa^  described 
in  1882,  by  Mr.  A.  E.  Tornebohm,  as  made  up  of  melilite,  mica,  augite,  olivine,  apatite 
and  magnetite.  It  occurs  as  a  dyke,  and  was  consequently  separated  from  the  effusive 
melilite-basalts  by  Rosenbiisch  and  named  Alnoite.  Since  that  time  other  instances 
of  a  similar  rock,  likewise  of  intrusive  character,  have  been  met  with  in  Finland,  and  in 
British  North  America.*^ 

Analcitcyhasalt — A  basalt-like  rock  in  which  the  part  of  the  felspar  or  felspathoid 
is  taken  by  analcite.  The  ground  is  black  and  aphanitic,  and  through  it  are  dispersed 
crystals  of  augite,  olivine  and  magnetite.  To  some  rocks  of  this  character  the  name  of 
Monchiquite  (from  Monchique  in  Southern  Portugal)  was  given  in  1890  by  Rostmbusch. 
Since  that  time,  mainly  owing  to  the  labours  of  Messrs.  Lindgren,  Kemj),  Williams, 
Pirsson,  and  Whitman  Cross  in  the  United  States,  it  has  been  ascertained  that  analcite 
plays  a  more  important  part  as  a  primary  rock  constituent  than  had  ever  been  supi)Osed. 
Mr.  Pirsson  has  proposed  to  institute  a  special  division  of  igneous  rocks  as  the  analcite 
series.  This  he  further  subdivides  into  two  groups — the  Analcite -basalts  or  Mon- 
chxqiiites,  containing  olivine,  and  thus  corresponding  to  the  leucite  -  basalts  ;  and  the 
Analcitites  or  forms  without  olivine,  corresponding  to  the  nepheliuites  and  leucitites 

Fourchites”  of  J.  F.  Williams).'* 

*  For  some  recent  analyses  of  these  Italian  rocks  see  the  series  of  x)apers  by  Mr. 
Washington,  quoted  ante,  p.  228. 

2  Mties  Jahrb.  (Beilageband),  1883,  pp.  369-439. 

^  Tornebdlim,  Oeol.  FUren.  Forhandl.  Stockholm,  vi.  (1882),  p.  240  ;  Roseiibusch, 
‘Massig.  Gest’  p.  647  ;  Ramsa3'  and  Nyholm,  Bull  Com.  Oeol.  Finlande,  No.  1  (1895)  ; 
Ferrier,  ‘  Kamloops  Sheet,  British  Columbia,’ p.  40  ;  P.  D.  Adams,  On  a  Melilite-beariug  Rock 
from  near  Montreal,  Amer.  Joimi.  Sci.  xliii.  (1892),  p.  269. 

^  Rosenbusch,  TschermuFs  Mitth.  xi.  (1890),  p.  445  ;  Lindgren,  Pwc.  Oaliforoi.  Acad. 
Sci.  2nd  ser.  iii.  1890  ;  J.  F.  Kemp,  B^dl.  U.  S.  O.  S.  No.  107,  1893  ;  J.  F.  Williams  and 
J.  P.  Kemp,  Ann.  Rep.  Geol.  Surv.  Arkansas,  ii.  (1890),  p.  392  ;  L.  V.  Pirsson,  down. 
GeoL  iv.  (1896),  p.  679  ;  mh  Ann.  Re'p.  U.  S.  G.  S.  (1900),  Part  iii.  p.  543  ;  W.  Cross, 
down.  Geol.  v.  (1897),  p.  684. 
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ChemiOxVl  CoMPOsiTioisr  OF  THE  GabepwO,  Dolerite  Axi)  Basalt  Family. 
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1.  Quartz-gabbro,  2  miles  south-east  of  Walleska,  Clierokoe  County,  ( Georgia.  Analysed 
by  H.  jN.  Stokes,  Bull.  U.  JS.  G.S.  JN'o.  168  p.  55  :  contains  essentially  plagioclase 
(near  labradorite)  and  augite  with  accessory  magnetite,  ilinenite,  a[)atite  and 
zoisite,  orthoclasc  sparingly  present,  quartz  in  vitreous  masses  (A.  H.  Brooks). 

11.  Olivine -gahbro,  Orange  GroYC,  Baltimore  County,  Maryland.  Analysed  by  W. 

Hillebraiid,  op.  cit.  p.  44  :  contains  plagioelase,  diallage,  liyperstliene,  fresh 
olivine,  magnetite  and  apatite,  sometimes  hornblende. 

III.  Dolerite  with  scarcely  any  olivine,  jMCount  Ingalls,  Plumas  County,  California. 
Analysed  by  W.  F.  Hillebrand,  op.  cit.  p. 

1  Vk  Dolerite,  dyke  near  Yalmont,  Denver  Basin,  Colorado.  Analysed  by  L.  G.  Eakins, 
ojp,  cit.  p.  140  :  described  by  Whitman  Cross  as  containing  augite,  plagioclase, 
olivine,  orbhoclase  and  biotite,  with  accessory  magnetite  and  apatite. 

V.  Typical  Diabase,  Eocky  Ridge,  Maryland.  Analysed  by  E.  A.  Schneider,  oij.cli.  p.  50. 

VI.  Plagioclase -basalt,  Saddle  Moiintaia,  Pikes  Peak  district,  Colorado.  Analysed  by 

W.  F.  Hillebrand,  op.  cit.  p.  145  :  plieiiacrysts  of  augite  and  olivine  in  a  ground 
mass  of  plagioclase,  orthoolase,  augite,  magnetite,  biotite  and  apatite  (W’liit- 
man  Cross,  lourn.  Gcol.  v.  p.  684). 

VII.  NTcplicline-basalt,  Tom  Munns  Hill,  Uvalde  quadrangle,  Texas.  Analysed  by  W. 
F.  Hillebrand,  op.  cit.  \).  62:  contains  olivine,  augite,  nephelhie,  magnetite  and 
apatite  ;  .specific  gravity,  S-148  (Whitman  Cross).  In  this  analysis  the  A].,0.j 
includes  some  CiyO;). 

VIII.  Loncite-tephrite,  Monte  Cavallo,  Bolsena,  Italy.]  Analysed  by  H.  S.  Wa.shington, 
Journ.  ircol.  v.  (1897),  p.  370. 

IX.  Melilite-basalt,  Hochbohl  in  the  Sv'abiaii  All).  Analysed  by  T.  Meyer,  Nmes 
Jahrh.  ii.,  1882  (Beil ageb.),  p.  398. 
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T  '^y  HillebraBcl  i/»//. 

TJ  S  G.  S.  No.  168,  p.  146 :  contains  pheiiocrysts  of  aiigite,  olivine  and  analt.mic, 
also  magnetite  with  subordinate  amounts  of  alkali  felspars,  biotite  and  ajiiitite 
(Whitman  Cross,  Mmi,  Geol  v.  p.  684). 


ix.  Limburgite  Family. 

Here  may  be  placed  a  group  of  volcanic  rooks  of  highly  basic  composition: 
guished  by  the  absence  of  felspar  or  of  any  felspathoid  substance.  These  and  tlio.se  i.l 
Sie  next  family  are  sometimes  termed  the  Ultrabasic  series.” 

Limburgite  (Magma-basalt)— a  fine-grained  to  vitreous  volcanic  rock,  compoKcd  ot 
aiio-ite  olivine,  magnetite  or  titaniferous  iron,  and  apatite.  The  base  is  generally  gla.ssy 
and  the  proportion  of  silica  in  the  rock  is  only  about  42  per  cent.  The  typical  locality 
is  Limburg,  near  the  Kaiserstuhl  in  Baden,  but  the  rock  occurs  also  in  middle  (iermany, 
Bohemia,  Scania,  Spain,  and  among  the  Carboniferous  volcanic  rocks  of  Central  Scotland. 

Augitite  is  the  name  given  to  another  volcanic  rock  consisting  essentially  of  aiigitc* 
and  magnetite  in  a  glassy  base.  The  absence  of  olivine  separates  this  rock  from  lim- 
hurgite."^  Augitite  is  found  less  commonly  than  the  last-named.  It  occurs  in  Nortlnum 
Bohemia,  the  Cape  Verd  Islands,  and  in  the  Limerick  Carboniferous  volcanic  district  of 
Ireland.^ 

X.  Peridotite  Family,  includikg  Serpentine. 

The  rocks  here  embraced  stand  at  the  extreme  end  of  the  basic  igneous  rocka,  as  tlie 
rhyolites  and  granites  stand  at  the  opposite  end  of  the  acid  series.  They  contain  no 
felspar,  or  at  least  an  insignificant  proportion  of  it,  and  consist  of  olivine,  with  augite, 
hornblende  or  mica,  magnetic  or  titaniferous  iron,  chromite  and  other  allied  mineralH  of 
the  spinel  type.  Their  specific  gravity  ranges  between  3’0  and  3*8.  When  quite  fresh 
they  have  a  holocrystalline  structure,  but  they  are  generally  more  or  less  altered,  and  in 
their  extreme  condition  of  alteration  form  rocks  known  as  Serpentines.  They  are,  for 
the  most  part  intrusive  in  behaviour,  and  not  mfre(|uently  form  jiarts  of  larger  less 
basic  bodies.  Those  varieties  in  which  olivine  is  the  chief  constituent  are  the  tnu; 
Peridotites,  and  are  sometimes  called  by  that  name  with  the  prefix  of  the  predominant 
mineral,  e.p.  Hornblende-peridotite,  Augite-peridotite,  Enstatite-peridotite,  kc.  The 
following  special  names  have  also  been  given. 

Dunite  (Olivine-rock),  named  by  F.  von  Hochstetter  from  the  Dim  Mountain,  New 
Zealand,  consists  of  a  granitoid  mixture  of  olivine  with  chromite  or  other  spimdloid. 
Such  a  rock  passes  naturally  by  alteration  into  a  serpentine. 

Picrite^  (Palfeopicrite,  Picrite-porphyry)— a  rock  rich  in  olivine,  usually  inoni  or 
less  serpentinised,  with  augite,  magnetite,  or  ilmeiiite,  brown  biotite,  hornblende,  or 
apatite,  and  usually  a  little  plagioclase  ;  occurs  as  an  eruptive  rock  among  Paheozoie  and 
younger  formations  ;  is  closely  related  to  the  diabases,  into  which  by  the  addition  of 
plagioclase  it  naturally  passes.  When  hornblende  predominates  over  pyroxene  the  roek 
is  called  Hornblende-picrite  ;  where  the  augite  prevails  it  is  Augite-picrite.  In  the  same 
way  there  are  Enstatite-picrite,  Mica-picrite,  and  various  other  combinations. 

Enlysite,  a  mixture  of  olivine  with  augite  and  garnet,  which  has  been  met  with  in 
schistose  lenticular  bands  among  the  crystalline  schists  of  Scandinavia. 

Wehxnte  (Diallage-olivine-rock)— a  coarse-grained  aggregate  of  olivine  (making  40 

^  For  notices  of  the  Bohemian  Limburgites  and  Augitites  see  the  paper  of  K.  PI  inter- 
lechner,  jrahrb,  K.  K.  Geol.  Reichsamt  1900,  pp.  497,  509  ;  for  the  Irish  example,  B. 
Hobson,  Geol.  Mag.  1892,  p.  348.  ’ 

^  So  named  from  7rt/cp6s,  bitter,  in  allusion  to  the  large  proportion  of  bitter -i^h  (Mag¬ 
nesia)— a  character  shared  by  all  the  peridotites.  Giimbel,  '  Die  Palaeolithischeii  Brui)tiv- 
gesteine  des  Fichtelgebirges  ’ :  Munich,  1874. 
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per  cent  of  the  rock),  diallage,  aniphibole  and  mncli  titaniferous  iron ;  found  in  association 
with  gabbro  iu  Hungary. 

Harzhurgite  (Enstatite>oliviiie-rock,  Saxonite,  Schillerfels)  —  serpentinised  olivine 
with  rhombic  pyroxene,  found  near  Harzburg,  in  East  Slavonia,  in  the  Monte  Rosa 
district  and  in  Maryland,  supplies  another  illustration  of  the  local  and  limited  occurrence 
of  peridotites,  being  found  as  layers  or  patches  in  such  rocks  as  gabbro  and  norite  (p.  232). 

Lherzolite  ^ — (so  named  from  L’herz  in  the  Ariege),  a  holocrystalline  rock  com¬ 
posed  of  olivine,  enstatite  and  diopside,  with  a  lesser  proportion  of  a  spinelloid,  sometimes 
brown  (chromite,  picotite),  sometimes  green  (pleonast),  and  iron  ores. 

Cortlandtite  (Amphibole-olivine-rock)  —  so  named  from  its  occurrence  in  the 
'  ‘  Cortlandt  series of  eruptive  rocks  on  the  Hudson  River,  where  it  consists  of  a  dark 
green  fine-grained  rock,  with  large  hornblende  prisms,  fresh  olivine,  hypersthene, 
sometimes  also  diallage,  biotite,  apatite  and  hercyiiite.  This  rock  passes  over  into  the 
hornblende-pierites, 

Biotite-olivine-rock,  composed  of  olivine  with  biotite,  has  been  observed  as  an  integral 
])artof  the  norite  near  Harzburg,  where  it  probably  occurs  as  one  of  the  lenticular  bands 
already  referred  to  as  characteristic  of  the  gabbros. 

Ariegites — under  this  name  M.  Lacroix  has  recently  proposed  to  group  the  remark¬ 
able  rocks  which  he  has  found  iu  bands  or  veins  of  the  Iherzolites  of  the  Pyrenees  and 
Ariege.  They  are  holocrystalline,  granular  aggregates  of  one  or  several  pyroxenes 
(diopside,  diallage,  hronzite)  and  dark  green  spinell,  sometimes  with  pyrope  garnet, 
brown  ferriferous  hornblende,  which  sometimes  entirely  replaces  the  pyroxene  and  is 
then  accompanied  by  biotite.  These  rocks  sometimes  contain  a  little  olivine,  but  they 
are  pyroxenolites  rather  than  peridotites.  They  may  be  most  conveniently  noticed 
here  in  connection  with  the  Iherzolites,  of  whicli  they  form  a  subordinate  part.*-^ 

Serpentine.^ — Under  this  name  are  included  rocks  which,  whatever  may  have  been 
their  original  character  and  composition,  now  consist  mainly  or  wholly  of  serpentine. 
As  already  stated,  olivine  readily  passes  into  the  condition  of  serpentine,  while  the  other 
minerals  may  remain  nearly  unaffected,  as  is  adiiiirahly  seen  in  some  picrites.  Most 
serpentine  rocks  originally  consisted  principally  of  olivine  (see  Figs.  32,  33).  Dioritc, 
gabbro,  and  other  rocks,  consisting  largely  of  magnesian  silicates,  likewise  pass  into 
serpentine.  If  varieties  due  to  different  phases  of  alteration  were  judged  worthy  of 
separate  designation,  each  member  of  the  peridotites  might  of  course  have  a  con¬ 
ceivable  actual  representative  among  the  serpentines.  But  without  attempting 
this  minuteness  of  classification,  we  may  with  advantage  treat  by  itself,  as  deserving 
special  notjoe,  the  massive  form  of  the  mineral  serpentine  from  whatsoever  rock  it  may 
have  originated. 

^  This  rock,  with  its  phenomena  of  contact,  is  the  subject  of  a  detailed  niineralogical  study 
by  M.  Lacroix,  Kouvelles  Archiv.  Mmiwn,  3  ser.  vi.  p.  209.  See  also  his  notices- in  Compt. 
rend.  cxv.  (1892),  pp.  974  and  976. 

-  Lacroix,  Oompt.  rend.  exxv.  (1895),  p.  752,  and  cxxxii.  11th  February  1901. 

^  See  Tschermak,  Sitz.  Almd.  Wieyi,  Ivi.  July  1867  ;  it  was  this  author  who  lirst 
showed  the  derivation  of  serpentine  from  original  olivine  rocks  ;  Bonney,  Q.  J.  (H.  S. 
xxxhi.  p.  884,  xxxiv.  p.  769  ;  Geol.  Mag.  (2)  vi.  p.  362,  vii.  (1880),  p.  538  ;  (3)  i.  p.  406  ; 
Michel-L(ivy,  B.  S.  Q.  F.  vi.  3rd  ser.  p.  156  ;  Sterry  Hunt,  Trans.  Roy.  Soc.  Canada.,  i. 
(1883)  ;  Bathe,  Neues  Jahrb.  1876,  pp.  236,  337,  where  Garnet-serpentine  and  Bronzite- 
serpeiitine  are  described  from  the  Saxon  granulite  region  ;  J.  S.  Biller,  Ball.  XJ.  S.  G.  S. 
No.  38  (1887);  M.  E.  Wadsworth,  ‘Lithological  Studies’  (1884),  p.  118;  Bull.  Geol  Nat. 
Inst.  Surv.  Minyiesota,  No.  2  (1887)  ;  J.  W.  Judd,  Q.  J.  G.  S.  xli.  (1885),  p.  354  ;  C.  A. 
McMahon,  Prm.  Geol.  Assoc,  xi.  No.  8  (1890).  An  account  of  the  relations  of  a  series  of 
gabbros,  peridotites  and  terpentines  is  given  by  H.  W.  Fairbanks,  Ball.  JJcpf.  Geol.  XJniu. 
California,  ih  (1896),  pp.  50-85  ;  G.  Trabucco,  ‘Sulla  po.sizione  ad  eta  delle  Serpentine 
Terziarie  dell’  Appeniiiiio  SetteiRrionale,’  Florence,  1896. 
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Massive  serpentine  is  a  compact,  or  finely  granular,  faintly  glimin(*ring,  or  dull  rock, 
easily  cut  or  scratched,  having  a  prevailing  dirty -green  colour,  soinetiincs  variously 
streaked  or  flecked  with  brown,  yellow  or  red.  It  frequently  contains  <jth(*r  inineralH 
besides  serpentine.  One  of  its  conmionest  accompaniments  is  chrysotilc  or  flhrouH 


Fig.  32.— Stages  in  the  alteration  of  Olivine,  a,  the  nearly  fresh  crystal ;  n,  tlie  alt<*nttioi» 
half  completed ;  c,  the  crystal  wholly  serpenlinised. 

serpentine,  which  in  veinings  of  a  silky  lustre  often  rainifles  through  the  rock  in  all 
dii’ections.  Other  common  enclosures  are  hronzite,  enstatite,  niagnetite,  and  (diroine- 
spinels,  besides  traces  of  the  original  olivine,  pyroxene,  amphihole,  mica,  or  felspar  in 
the  rocks  which  have  been  altered  into  .serpentine. 

As  to  its  mode  of  origin,  there  can  he  no  doubt  that  in  most  cases  a(*ri)entine  was 

originally  an  eruptive  rock,  as  i.s  clearly  shown 
by  its  occurrence  in  dykes  and  irregular  bosses. 
The  frequent  occurrence  of  recognisable,  olivine 
crystals,  or  of  their  still  remaining  contours,  in 
the  midst  of  the  serpentine-matrix,  affords  good 
grounds  for  assigning  an  eruptive  origin  to  man}' 
serpentines  which  have  no  distinctly  eruptive  ex¬ 
ternal  form  (Fig.  33).  The  rock  cannot,  of  coursi*, 
have  been  ejected  as  the  hydrous  magnesian 
silicate  serpentine  ;  we  must  regard  it  as  having 
been  originally  an  eruptive  olivine  rock,  or  a  highly 
hornblendic  or  micaceous  diorite,  or  olivine-gabhro. 
Ill  regions  of  crystalline  schists  hods  of  foliated 
Q.,.  ^  serpentine  are  met  with,  more  especially  in  con- 

nighlauds  of  Scotland,  Korthern  Apennines}.* 
Some  writers  have  contended  that  such  serpentines  are  products  of  the  alteration  ol' 
dolomite,  tlie  magBesia  having  been  taken  up  by  silica,  leaving  the.  earhonato,  of  lime 
behind  as  beds  of  limestone.  Others  have  supposed  the  original  rooks,  from  which 
the  serpentines  were  derived,  to  have  been  a  deposit  from  oceanic  water,  as  lias  heen 
by  Sterry  Hunt  in  the  ease  of  those  associated  witli  crystalline  aoliists.'- 
Beds  of  serpentine  intercalated  with  limestone  might  eoneeivaldy  have  been  dm-  to 
the  elimination  of  magnesian  silicates  from  sea-water  i,y  organic  aoenev  like  the 
glauconite  now  found  filling  the  chamhers  oi  foTa.umifem,  the  caviticn  in  e<,rals  tlie 
canals  in  shells,  sea-ui-chm  spines  and  otly  organisms  on  the  floor  of  the  present 

'  The  serjointmes  of  Northern  Italy  are  intercalated  in  tlie  Ujiper,  Middle,  ami  X.ower 
Eocene  formations  of  that  region.  See  the  memoir  of  M.  Trabiioco,  above  cited 
CheiiiicM  Essays,’  p.  123. 
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sea.^  Some  excellent  examples  of  the  a.ssociation  of  foliated  «er])eiitiiie.s  are  to  be 
among  the  crystalline  (Dalraclian)  schi.sts  of  Banffshire.  The  ser[)eiitirie  oeenrs  in 

thick  lenticular  beds  which,  with  a  schistose  crumpled  structure,  agree  in  dip  with 
the  surrounding  rocks.  They  may  have  been  deposits  of  conteniporaneoii.s  origin  with 
the  limestones  and  sclii.sts  among  which  they  occur,  and  in  association  with  whhdi 
they  have  undergone  the  characteristic  schistose  puckering  and  crumpling.  Bonndiinc.s 
they  sugge.st  a  source  from  the  alteration  of  highly  basic  volcanic  tutfs.  In  other  caH(*.s 
they  may  have  been  erupted  peridotites,  either  flows  or  sill.s,  which  have  acn|air(;d  a 
schistose  character  from  the  same  process  of  mechanical  deformation  that  has  ])layed 
so  large  a  part  in  producing  the  foliation  of  the  crystalline  schists. 

Chemical  Composition  of  .some  Ui-tra-Ba.su;  Rock.^. 


[. 

IL 

nr. 

IV. 

V. 

•VI. 

vir. 

SiOo  . 

42-78 

46-13 

40-11 

44-64 

47-09 

40-77 

•10-5(1 

AUO:,. 

8-66 

4-69 

0-88 

5-85 

16-99 

1-16 

0-78 

Fe.,0;j. 

0-73 

1-20 

2-85 

1-62 

3-58 

4-01 

FeO  . 

17-96 

16-87 

6-09 

4-50 

3-60 

1-47 

2*04 

MgO  . 

10-06 

25-17 

48-58 

38-76 

19-92 

39-37 

37-43 

CaO  . 

12-29 

4-41 

2-47 

9-20 

none 

0-39 

Na.,0  . 

2-31 

0-08 

0-50 

0-14 

0-28 

K.O  . 

0-62 

trace 

0-25 

0-10 

O-Ui 

HoO  .  . 

3-96 

1-38 

2-74 

0-3bio.ss 

0*83h)s.s 

12-97 

13-75 

ThO  . 

0-28 

0-73 

none 

P,0.^  .  . 

0-07 

trace 

trace* 

Cr.O,. . 

0-04 

0-18 

6-20 

0-2<S 

0-41 

Hiid  . 

0-95 

trace 

0-09 

0-13 

NiO  .  . 

0-09 

0-17 

I  0-n 

BaO  , 

trace 

Li.,0  . 

trace 

S'. 

6-24 

Chromite  . 

0-56 

99-87 

100-63 

100-34 

i  99-57 

1 

100-00 

100-08 

99-99 

I.  Limburgite,  Limburg,  Kaiserstnhl.  Analysed  by  Koscnbusch,  Keifcslakri).  1872, 
p.  54.  Specific  gravity,  2-831 :  carbonates  previously  removed  with  aciitii;  acid, 
ir.  Hornblende-picrite,  North  Meadow  Creek,  Montana.  Analysed  by  Kakirm,  Jhdl, 
JX.  S.  G.  8,  No.  168,  p.  114:  contains  hornblende,  abundant  fn^sh  oliviii(‘, 
grains  of  pleonaste  and  iron-oxides,  with  occasional  hyperstlione. 

III.  Bunite,  Corundum  Hill,  North  Carolina.  Aimly.sed  byT.  M.  (Jhatard,  clL  p. 

54.  .Olivine-rock  containing  a  little  <diromite,  BiUl,  U.  N.  ^/.  No.  42,  [>.  45. 
lY.  Lherzolite,  L’herz.  Analysis  given  by  J.acroix,  OompL  rmcL  11  tli  Fobriiuiy  1901. 
Y.  Ariegite,  Etangde  L’herz.  Analysed  by  Lacroix,  Contains  diallage,  brorizile 
and  spinell. 

YL  Serpentine  from  alteration  of  salite,  Osburii’s  soapstone  quarry,  Bhindfbrd, 
Connecticut  Valley,  Massachusetts.  Analysed  by  W.  F.  Hillebrnnd,  /hd!. 
U.  8.  G.  S.  No.  168,  p.  28  ;  described  by  B.  K.  Emerson,  IT,  N.  ,  E, 

No.  xxix. 

YII.  Serpentine,  Mount  Diablo,  California.  Analysed  by  W.  H.  Melville, /A  ILB.it.E. 
No.  168,  p.  215  :  derived  from  the  pyroxenite  of  a  peridotitc-pyroxeiiite  dyke. 
Turner  and  Mel  vile,  Bull.  Oeol.  Boo.  Amcr.  ii.  pp.  Ji83-414. 

1  According  to  Bertliier,  one  of  the  glaueonitie  deposits  in  a  Tertiary  liiiicsione  Is  a  tr-iic 
serpenllne.  See  Sterry  Hunt,  ‘Chein.  E.s.say.s,’ p.  303. 
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III  Schistose  (Metamorphic). 

In  this  section  is  comprised  a  series  of  rocks  most  of  which  present  a 
remarkable  system  of  divisional  planes  that  are  not  original  but  have  been 
superinduced  upon  them.  At  the  one  end  stand  rocks  which  are  unmis- 
talcably  of  sedimentary  origin,  for  their  original  clastic  structure  and 
bedding  can  often  be  distinctly  seen,  and  they  also  sometimes  contain 
organic  remains  similar  to  those  found  in  ordinary  unaltered  sedimentary 
strata.  At  the  other  end  come  coarsely  crystalline  masses,  which  in 
many  respects  resemble  granite,  and  the  original  character  of  which  is  not 
obnous.  An  apparently  unbroken  gradation  can  be  traced  between  these 
extremes,  and  the  series  was  termed  by  Lyell  ‘‘  metamorphic  from  the 
changed  form  in  which  its  members  are  believed  now  to  appear.  In  the 
earlier  stages  the  change  has  taken  the  form  of  cleavage,  as  in  ordinary 
slate.  Even  in  slate,  however,  as  already  remarked  (p.  l7l),  a  beginning 
may  be  detected  in  the  development  of  crystalline  particles,  and  the 
crystalline  re-arrangement  may  be  traced  in  constantly  advancing  pi‘o- 
gression  until  the  whole  mass  has  become  crystalline,  and  forms  what 
is  known  as  a  schist. 


series  of  roS^  ^  Thf  ^  caPed,  constitute  a  well-defined 

composed  of  silicates.  Their  structure 
S  ^  distinguished  from  that  of  the  Eruptive  or  Massive 

rocks  by  Its  more  or  less  closely  parallel  layers  or  fol^  consisting  of 
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materials  which  have  assumed  a  crystalline  character  along  these  layers. 
The  folia  may  he  composed  of  only  one  mineral,  hut  usually  consist  of 
two  or  more,  which  occur  either  in  distinct,  often  alternate  lamihie,  or 
intermingled  in  the  same  layer.  This  structure  resembles  that  of  the 
stratified  rocks,  but  it  is  differentiated  (1)  by  the  crystalline  and  often 
granulitic  (p.  130)  structure  of  the  minerals;  (2)  by  a  striking  want  of 
continuity  in  the  folia,  which  thicken  out  and  then  die  away,  reappear¬ 
ing  after  an  interval  on  the  same  or  a  different  plane  (Tig.  34)  ;  (3)  by 
a  peculiar  and  very  characteristic  welding  of  the  folia  into  each  other, 
the  crystalline  particles  of  one  layer  being  so  intermingled  with  those 


Fig.  85. — View  of  a  hand-speeimea  of  coatorted  lliea-sclii.st,  two-tliirds  imtural  .siw.  (1).  K.  IVacli.) 

of  the  layers  above  and  below  it  that  the  whole  tends  to  cohere 
as  a  tough,  not  easily  fissile  mass;  (4)  l^y  a  prevalent  remarka1)le  and 
eminently  distinctive  puckering  or  crumpling  (with  frequent  minute 
faulting)  of  the  folia,  which  becomes  sometimes  so  fine  as  to  Ije  disconiildc 
only  under  the  microscope  ^  (Tig.  36),  hut  is  often  present  conspicuously 
in  hand-specimens  (Fig.  35),  and  can  be  traced  in  increasing  dimeiusions, 
^  On.  the  microscopic  structure  of  the  crystalline  schist.s,  see  Zirkel,  ‘  JVIicroH^'opical 
Petrography’  (vol.  ri.  ofKing’s  ‘Exploration  of  40tli  Paraller),  1876,  p.  14,  aiKllii.s  ‘  Lelirhnch,’ 
iii.  pp.  141-425;  Allport,  Q.  J.  Q,  S,  xxxii.  p.  407;  Sorby,  rif,  xxxvi.  p.  8l’; 
lehmanii’s  ‘  Entersiichimgen  hber  die  Entstelumg  der  Altkvystalliiiisclieii  Hcliiofcrge.steine,’ 
Bonn,  1884  ;  and  other  memoirs  cited  in  subsequent  pages. 
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till  it  couuects  itself  with  gigantic  curvatures  of  the  strata,  whi  J  emtoce 
whole  mountains.  These  characters  are  sufficient  to  indicate  a  ^leat 
difference  between  schistose  rochs  and  ordinary  stratified  formations,  m 
which  the  strata  lie  in  continuous  fiat,  parallel,  and  more  or  less  easily 


^In  some  instances,  indeed,  the  folia  can  be  seen  to  coincide  with 
orio-inal  bedding,  as  Avhere  a  band  of  quartzite  or  of  conglomerate  ns 
intercalated  between  sheets  of  phyllite  or  mica-schist.  In  such  cases,  tncu'c 
cannot  be  any  doubt  that  the  rock,  though  now  more  or  less  reconstructed 
and  crystalline,  was  originally  mechanical  sediment,  hlany  clay-slates, 
phyllites,  and  mica-schists  are  obviously  only  altered  marine  clays,  and 
some  of  them  still  retain  their  recognisable  fossils.  From  such  rocks, 
gradations  can  be  followed  into  chiastolite-schist,  mica-schist,  and  fine 
gneiss.  Quartzites  and  quartz-schists  often  still  retain  the  false-bcdding 
of  the  original  sandy  sediment  of  which  they  are  composed,  and  even 
sometimes  show  their  lines  of  heavy  minerals,  as  these  were  assorted  in 
that  sediment.  The  pebbly  and  conglomeratic  bands  associated^  with 
some  schists  afford  convincing  proof  of  their  original  clastic  nature.  T  hus, 
while  at  the  one  end  of  the  schistose  series  we  find  rocks  in  which  an 
original  sedimentary  character  remains  unmistakable,  at  the  other  end, 
after  many  intermediate  stages,  we  encounter  thoroughly  amorphous 
crystalline  masses,  that  bear  the  closest  resemblance  to  eruptive  rocks 
into  which  they  insensibly  pass.  In  such  instances,  it  may  be  confidently 
inferred  that  the  amorphous  structure  is  the  original  one,  which  has 
become  schistose  by  subsequent  deformation.  (Book  IV.  Part  VIII.)  But 
just  as  the  traces  of  original  stratification  are  not  always  obliterated  in  the 
schists  which  have  been  formed  by  the  alteration  of  sedimentary 
so  the  banded  arrangement  of  coarse  gneisses,  and  other  crystalline  schists, 
may  sometimes  be  an  original  segregation-structure,  like  that  observa])le 
in  sills  and  bosses  of  gabbro  and  other  eruptive  rocks  (pp.  131,  232). 

In  the  more  thoroughly  re-constructed  and  re-crystallised  schists  all 
trace  of  the  original  structures  has  generally  been  lost.  The  foliation 
is  not  coincident  with  bedding,  nor  with  any  structure  of  eruptive  i-ocks, 
but  has  been  determined  by  planes  of  cleavage  or  of  shearing,  or  by  the 
alignment  assumed  by  minerals  crystallising  under  the  influence  of  intense 
pressure.  Along  these  surfaces  the  crushed  constituents  have  rearranged 
themselves,  and  new  chemical  and  mineralogical  combinations  have  been 
effected  during  the  progress  of  the  “  metamorphism.'’ 

A  rock  possessing  a  crystalline  arrangement  into  separate  folia  is  in 
English  termed  a  Schist.^  This  word,  though  employed  as  a  general 
designation  to  describe  the  structure  of  all  truly  foliated  rocks,  is  also 
made  use  of  as  a  suffix  to  the  names  of  the  minerals  of  which  some  of  the 
foliated  rocks  largely  consist.  Thus  we  have  mica-schist,”  chlorite- 
schist,”  “hornblende-schist.”  If  the  mass  loses  its  fissile  tendency, 
owing  to  the  felting  together  of  the  component  mineral  into  a  tough 

^  In  Prencli  tliis  term  has  no  such  definite  signification,  being  applied  Both  to  schists  and 
to  shali^.  In  German  also  the  corresponding  word  ‘  schiefer  ’  designates  schists,  but  is  likewise 
employed  for  non -crystalline  shaly  rocks  ;  thonschiefer= clay- slate :  schieferthon  =  shale. 
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coherent  whole,  the  word  rock  is  usually  substituted  for  schist,  as  in 
^‘hornblende-rock,’’  “actinolite-rock,”  and  so  on.  The  student  must  bear 
in  mind  that  while  the  possession  of  a  foliated  structure  is  the  distinctive 
character  of  the  crystalline  schists,  it  is  not  always  present  in  every 
individual  bed  or  mass  associated  Avith  these  rocks.  Yet  the  non-schistose 
portions  are  so  obviously  integral  parts  of  the  schistose  series  that  they 
cannot,  without  great  violation  of  natural  affinities,  be  separated  from 
them.  Hence  in  the  following  enumeration  they  are  included  as  common 
accompaniments  of  the  schists.  Quartzite  also  may  l>e  placed  in  this  sub¬ 
division,  though  in  its  typical  condition  it  shoAvs  no  schistose  structure. 

The  origin  of  the  crystalline  schists  has  been  the  subject  of  long  dis¬ 
cussion  among  geologists.  AVerner  held  that,  like  other  rocks  of  high 
antiquity,  they  Averc  chemical  precipitates  from  a  universal  ocean. 
Hutton  and  his  folloAA^ers  maintained  that  they  Avere  mechanical  aqueous 
sediments  altered  by  subterranean  heat.  These  Uvo  doctrines  in  A’-arious 
modifications  are  still  maintained  by  opposite  schools.  In  recent  years 
much  light  has  been  thrown  upon  the  origin  of  the  schistose  structure,  which 
has  been  shown  to  be  in  many  cases  due  to  the  mechanical  crushing  and 
chemical  re-adjustment  and  re-crystallisation  of  the  materials  of  both 
sedimentary  and  igneous  rocks.  This  subject  is  discussed  in  a  later  part 
of  this  volume.  (See  Book  lY.  Part  VIII.) 

It  is  ol)vious  that  a  Avide  series  of  rocks  emliracing  variously  altered 
forms  of  l30th  sedimentary  and  igneous  materials  hardly  admits  of  any 
simple  system  of  classification.  Regarding  them  from  the  point  of  Anew 
of  the  nature  of  the  metamorphism  they  have  undergone,  geologists  have 
sometimes  grouped  these  rocks  as  resulting  either  from  contact-meta¬ 
morphism,  that  is,  from  the  effects  of  the  protrusion  of  igneous  matter 
out  of  the  earth’s  interior,  or  from  regional  nietamorphism  where  the 
changes  haA'e  been  brought  about  l)y  some  Avidespi'ead  disturbance  of  the 
terrestrial  crust.  (Book  lY.  Part  VIII.)  But  this  arrangement,  though 
of  A^alue  in  discussing  questions  of  nietamorphism,  has  the  disadvantage  of 
intx'oducing  theoretical  considerations,  and  of  placing  in  different  groups 
rocks  Avhich  undoubtedly  present  the  same  general  potrographical  char¬ 
acters.  Avoiding  all  disputed  questions  as  to  modes  of  origin,  I  shall 
group  the  schists  according  to  their  mineral  characters,  beginning  with 
those  Avdiich  are  obviously  only  a  furthel*  stage  of  the  alteration  of  clay- 
. slates,  and  ending  Avith  the  gneisses,  which  bear  a  close  affinity  to  granites. 

Argillites,  Argillaceous  Schists,  Phyllites  (Pliyllades,  Thoiischiefcr).-— The  rocks 
included  in  this  group  may  oftuu  he  traced  into  the  clay-slate.s  descrihed  on  p.  170. 
Tlicy  were  originally  mechanical  f argillaceous)  sediments,  and  mark  a  further  stage  of 
tnetamor})hism,  wlnirehi,  besides  in(>,chanieal  deformation,  there  has  been  a  more  or  less 
decided  crystallisation  of  the  materials,  as  is  demonstrated  hy  the  increase  in  jnimh(‘,r 
and  size  of  the  “needles  ”  of  tlic  slates,  by  the  greater  devedopnient  of  secondary  mica, 
and  by  the  aj^pearance  of  such  minerals  as  ehiastolite,  andalusite,  staurolite,  garnet, 
^J^c.  ^  When  a  cduy-slate  becomes  lustrous  by  the  development  of  mica,  it  is  known  as 

^  Hee  the  interesting  papers  hy  Professor  Reiiard  on  the  Pliyllades  of  the  Ardennes  and 
the  garnetiferous  and  hornblendic  rocks  of  Bastogne,  /h///.  Ibnj.  Belg.  i,  (1882),  iii. 

(1884),  and  the  analyses  by  M.  C.  Klement,  oy).  elf.  v.  (1889),  ]).  1S3.  C!om])are  T.  Mtdlard 
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Phyllite-atem  which  maybe  regarded  as  embrnciiigtlieiutOTii«liiU.'t!nMii.  _ 

LtSen  nolal  clay -slates  and  true  mica- schists.  Many  phylld,.  show  „ng,na! 
bedding,  often  well  marked  by  colour-bands  and  by  the  Hlteruation  of  sandy  hi^is. 
while  the  rocks  sometimes  even  enclose  organic  remains,  iliey  aio  o  .«  ajL,< -h,  «• 

pre-Cambrian  up  to  Tertiary.  r  i 

Cbiastolite-slate  (Schiste  macl(<),  a  clay-slate  in  winch  crystals  of  cluastolit*  1  au 
been  developed,  even  sometimes  side  by  side  with  still  distinctly  preserved  graptehtes 
or  other  organic  remains i  (Skiddaw,  Aberdeenshire,  Brittany,  the  Pyrenees  ^axcm>, 
Norway,  Massachusetts,  &c.).  Staiirolite-slate,  a  micaceous  (day-slate  witli  ery.HtiilH 
of  staurolite  (Banffshire,  Pyrenees).  Ottrelite-slatc,  a  clay-slate  market!  !.y  mnmte, 
six-sided,  greyish  or  blackish  green  lamellm  of  ottrelite  (Ardennes,  where  it  i.s  said  to 
contain  remains  of  tiilobites,  Bavaria,  New  England).  Dipy re-slate  Ih  full  ot  sniail 
crystals  of  dipyre.  Sericite-phyllite  is  a  name  proposed  hy  Xjo.ssen  for  those  eoiin 
pact,  greenish,  reddish,  or  violet  sericite-schists  in  which  the  naked  eye  can  no  longin' 
distinguish  the  component  minerals.  Mica-phyllite  {'ph>iUa(U  (irw/niiUtit  of  Ifumont  , 
a  silky,  usually  very  fissile  slate,  with  minute  scales  of  mica.  fJerman  jadrogniphern 
have  distinguished  hy  name  some  other  varieties  found  more  particularly  in  an-as  of 
contact-metamorphism  around  masses  of  granite,  and  characterised  hy  (litfereiit  kimln 
of  concretions,  but  to  which  no  special  English  designations  havt*  been  given. 
Enotenschiefer  (Knotted  schist)  contains  little  knots  or  concretions  of  a  dark  green 
or  brown,  fine-granular,  faintly  glimmering  substance,  of  a  talcose  or  miitae.ecniH  nalure, 
imbedded  in  a  finely  laminated  matrix  of  a  talc-like  or  mi(!a-likfi  mineral. “  4  Ik^hc 

aggregations  appear  to  be  in  many  cases  incipient  stages  in  the  formation  of  defiuit<* 
crystals  of  such  minerals  as  andalusite.  In  Eruchtschiefer  the  concretions  are  like 
grains  of  corn;  in  Garbenschiefer,  like  caraway  seeds;  in  Elccksehief er,  like 
flecks  or  spots.  Some  of  these  rocks  might  be  included  with  the  mica-HehiHlM,  into 
varieties  of  which  they  pass.  Hound  some  of  the  eru])tive  diabase  of  tlie  Harz,  the 
clay-slates  have  been  altered  into  various  crystalline  masses  to  whicdi  namoH  have 
attached.  Thus  Spilosite  is  a  greenish,  schistose  rock,  composed  of  finely  granular  or 
compact  felspathic  material,  with  small  chlorite  concretions  or  scales,  Dos  mo. si  to 
is  a  schistose  mass  in  which  similar  materials  are  disposed  in  more  diHtiiu't  alternations.** 
Hornfels,  another  result  of  contact-metamorphism,  is  referred  to  on  p.  251. 

Quarte-schist  (Schistose  quartzite),  an  aggregate  of  granular  (or  granulitiei  qinutz 
with  a  sufficient  development  of  fine  folia  of  mica  to  impart  a  more  or  Ichh  definitely 
schistose  stfucture  to  the  rock.  The  disappearance  of  the  mica  gives  (piartzite,  and 
the  greater  prominence  of  this  mineral  affords  gradations  into  miea-schiHt.  Hindi 
gradations  are  quite  analogous  to  those  among  recent  sedimentary  materials  from  pure 
sand,  through  muddy  sand,  and  sandy  mud,  into  mud  or  clay,  and  between  samlwtoneH 
and  shales.  The  Highlands  of  Scotland,  for  instance,  embrace  large  tratdB  of  quartz- 
schists — crocks  which  are  not  properly  either  mica-schist  or  ordinary  (piartzite.  They 
consist  of  gi'anular  (granulitised)  quartz,  with  fine  parallel  laraiiuc  of  mica,  and  an* 


Readeand  P.  Holland,  “The  Phy Hades  of  the  Ardennes  compared  with  the  Slates  of  North 
Wales,”  Proc.  Liverpool  OeoL  Soc,  1897-98,  p.  274,  and  1899-1900,  p.  463. 

^  A  good  illustration  of  this  association  is  figured  by  Kjerulf  in  his  ‘  Geologic  dcf^  Hitcl- 
lichen,  und  Mittleren  Norwegen,’  Plate  xiv.  Fig.  246.  See  also  Bi’Ogger’n  memoir  on  I'pper 
Silurian  fossils  among  the  crystalline  rocks  of  Bergen :  Christiania,  1882.  A  Him  liar 
association  occurs  in  the  graptolite-shales  next  the  granite  of  Galloway,  Scotland, 

2  A.  von  Lasaulx,  Mues  Jahrh,  1872,  p.  840.  K.  A.  Lessen,  Z.  J).  U,  a,  1867,  p.  585 
(where  a  detailed  description  of  the  Taunus  phyllites  will  be  found),  1872,  p.  757. 

^  Other  names  are  Bandschiefer,  Contactschiefer,  &c.  See  K.  A.  Lossen,  Z.  J),  <L  (*.  Aix, 
(1867),  p.  509  ;  xxi.  p.  291  ;  xxiv.  p.  701 ;  Kayser,  oj).  cit.  xxii.  p.  108. 

^  J.  Macculloch,  Trans.  Geol  Soc.  1st  ser,  ii.  (1814),  p.  450  ;  iv.  (1817),  ]>.  204  ;  2ud 
ser.  i.  (1819),  p.  53.  Lessen,  Z.  L.  G.  G.  xix.  (1867),  pp.  615-634. 
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capable  of  being  split  into  tliiek  or  thin  flagstones.  Iiiterstratified  peljbly  varieties 
occur. 

I  tacolnmite — a  schistose  r[uaitzite,  in  v’Mch  tlie  quartz -granules  are  sepnriitcd  by 
fine  scales  of  mica,  tale,  clilorite,  and  sericite.  Occasionally  these  pliable  scales  are  so 
arranged  as  to  give  a  certain  flexibility  to  the  stone  (flexible  sand.stoiie).  'Idiis  rock 
occurs  in  the  south-eastern  states  of  IN'ortli  America  ;  also  in  Brazil,  as  the  matrix  in 
which  diamonds  are  found. 

Siliceous  schist  (Lydian-stone,  Lydite,  ICieselscIiiefer)  has  already  been  described 
(p.  167)  among  the  stratified  rocks  ;  but  it  also  occurs  among  the  crystalline  schists, 
sometimes  as  the  result  of  the  pulverisation  of  quartzose  rochs  (Mylonite). 

Quartzite  (Quartz- rock),  though  not  properly  a  schistose  rock,  may  be  most  con¬ 
veniently  considered  here,  as  it  is  so  constant  an  accompaniment  of  the  schists,  and,  like 
them,  can  often  be  directly  traced  to  the  alteration  of  former  sedimentary  formations. 
It  is  a  bedded,  granular  to  compact  mass  of  quartz,  generally  white,  sometimeH  yellow 
or  red,  with  a  characteristic  lustrous  fracture,  occasionally  pebhly,  and  even  accom¬ 
panied  hy  conglomerates  or  boiilder-beds.  It  occurs  in  association  with  scdiists,  some¬ 
times  in  continuous  masses  lunidieds  of  feet  thick.  In  Scotland  it  forms  ranges  of 
mountains,  and  in  the  north-west  Highlands  is  crowded  with  annelide  burrows  and 
accompanied  by  beds  of  limestone  which  contain  Cambrian  fossils.'^ 


Even  to  the  naked  eye,  the  finely  granular  or  areiiaceou.s  structure  of  quartzite  is 
distinctly  visible.  Microscopic  exainimition  shows  this  structure  still  nioro  clearly,  ami 
leaves  no  doubt  that  the  rock  originally  con.sisted  of  a  tobuubly  pure  quartz-sand  (Fig. 
37).  More  or  less  distinct  evidence  of  crushing  and  deformation  of  the  grains  may  often 
be  observed,  likewise  proof  of  the  transfusion  of  a  siliceotis  eemont  ainong  tins  particles. 
This  cement  w'as  probably  produced  by  the  solvent  action  of  heated  water  upon  the 
q^uartz  grains,  which  seem  to  shade  off  into  each  other,  or  into  the  intervening  silica.  It 
is  owing,  no  doubt,  to  the  purely  siliceous  character  of  the  giuhm  that  tli(<  h](:ii<liiig  of 
these  with  the  surrounding  cement  is  so  intimate  as  often  to  give  the  rode  an  almost 
flinty  homogeneous  texture.  That  quartzite,  as  hero  described,  is  an  original  sodiment- 
ary  rock,  and  not  a  chemical  deposit,  is  shown  not  only  by  its  granular  toxtiiui,  Imt  by 
the  exact  resemblance  of  all  its  leading  features  to  ordinary  saudstoiui— falBC-bcMlding, 
alternation  of  coafser  and  finer  layers,  accumulation  of  heavy  rniiieralH,  womi-l)uirowH, 

^  See  the  sections  on  the  pre-Cambrian  and  Cambrian  system.s,  Book  VI.  Farts  I.  and  II. 
Sect.  i.  On  the  metaniorphic  quartzose  rochs  of  Morbihan,  France,  see  Barrois,  J/no  S'vr. 
Ghl.Fofd.  xi.  (1884).  Compare  Sollas,  Set.  Broo.  jRirj/.  Dvhlin  S(h\  vii.  (1892),  ]).  165b 
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and  fueoid-casts.  Tlie  lustrous  fracture  that  distinguishes  this  rock  from  saudsloiie  is 
due  to  the  exceedingly  firm  cohesion  of  the  eomiioiieut  grains,  which  break  across  rat  u;r 
than  separate,  and  to  the  consequent  production  of  innumerable  minute  clear  vitreous 
surfaces  of  quartz.  A  sandstone,  on  the  other  hand,  has  its  grains  so  loosely  coherent 
that  when  the  rook  is  broken  the  fracture  passes  between  them,  and  the  new  snrlace 
obtained  presents  innumerable  dull  rounded  grains. 

Besides  occurring  in  alternation  with  schists,  (piartzite  is  also  inet^with  locally  as  an 
altered  form  of  sandstone,  which  when  traversed  by  igneous  dykes  is  indurated  for  a 
distance  of  a  few  inches  or  feet  from  the  intrusive  mass.  These  local  prodiKdimis 
of  quartzite  show  the  characteristic  lustrous  fracture,  and  have  not  3mt  been  (listuiguimaul 
by  the  microscope  from  the  quartz-rock  of  wide  inetaniorphic  regions.  There  is  still 
another  condition  under  which  this  rock,  or  one  of  analogous  structure,  may  be  seen. 
Highly  silicated  hands,  having  a  lustrous  aspect,  fine  grain,  and  great  hardness,  occur 
among  unaltered  shales  and  other  strata  of  Palceozoic  and  even  of  Tertiary  age.  In 
such  cases  the  supposition  of  any  general  metamorpliisui  being  inadmissible,  ■v^e  may 
infer  either  that  these  quartzose  bands  have  been  indurated,  for  example,  by  the  X)assage 
through  them  of  silicated  water,  or  that  they  are  an  original  formation. 

Schistose  Conglomerate  Rocks. — In  some  regions  of  schists,  not  only  V>and8  of 
quartzite  occur,  representing  former  sandstones,  hut  also  pebbly  or  conglomeratic  bauds, 
in  wliich  pebbles  of  quartz  and  other  materials  from  less  than  an  inch  to  more  than  a 
foot  in  diameter  (boulder  beds)  are  imbedded  in  a  foliated  matrix,  which  may  be  pbyllilc, 
mica-schist,  gneiss,  quartzite,  &cd  Examjiles  of  this  kind  are  found  in  the  pass  of  the- 
Tete  Hoire  between  Martigny  and  Chaniouni,  in  the  Saxon  granulite  region,  in  the  I5crg<*n 
region  of  Norway,  in  the  north-west  of  France,  in  north-west  Ireland,  in  the  islands  of 
Arran,  Day  and  Garvelloch,  in  Perthshire  and  in  other  parts  of  the  central  Highlands 
of  Scotland.  The  pebbles  are  not  to  be  distinguished  from  the  water -worn' blofd<s  of 
ordinary  conglomerates  ;  hut  the  original  matrix  wdiich  encloses  them  has  been  so  altered 
as  to  acquire  a  micaceous  foliated  structure,  and  to  wra])  the  pebbles  round  as  with  a 
kind  of  glaze.  These  facts,  like  those  already  referred  to  in  the  structure  of  quartzit(‘-  and 
argillaceous  and  quartz-schist,  are  of  considerable  valueiu  regard  to  the  theory  of  the  origin 
of  some  crystalline  schists.  Crush- conglomerates  (p.  164)  may  also  become  schistoHO. 

Graphite-scMst  is  a  name  given  to  schistose  bands  which  not  improbably  represent 
what  once  were  carbonaceous  shales  but  are  now  phyllites  or  mica-schists,  with  a  black 
colour  from  the  graphite  with  which  they  are  filled.  They  have  been  met  with  in 
many  regions  of  crystalline  schists,  and  can  sometimes,  as  in  the  Scottish  Higliland.s,  be 
followed  for  long  distances. 

Crystalline  Limestone. — Further  evidence  of  the  sedimentary  origin  of  some  crystal¬ 
line  schists  is  supplied  by  the  occurrence  of  bands  of  limestone,  which  were  doubtless  oidgiii- 
ally  deposits  of  calcareous  sediment.  They  now  always  present  a  more  or  less  distinctive 
crystalline  structure  (marmarosis).  When  purest  they  form  white  statuary  Marble 
(p.  192),  but  the  imeseiice  of  original  imp\irities  has  given  rise  to  the  production  of  a 
large  number  of  included  minerals.-*  Popular  names  have  been  given  to  the  more  marlaul 

1  Professor  Wichniatm  describes  some  curious  examples  of  serpentine  conglomerates.  See 
his  paper  in  ‘Beitrage  ziir  Qeologie  Ost-Asiens  und  Australiens,’  ii.  pp.  35,  111.  On  the 
conglomerate-schists  of  Saxony,  see  A.  Sauer,  ‘GeoL  Speeialkarte  Sachsen,’  Sect.  “  Elterlein  ” ; 
also  Lehmann’s  ‘Altkrj-st.  Schiefergesteine,’  p.  124.  Reusch,  ‘  Silurfossiler  og  PresKcde 
Konglomerater,’  Christiania,  1882.  Barrels,  Ann.  Soc.  G'eol.  Nord.  xi.  1884.  A  coarse 
conglomerate  or  “  boulder-bed  ”  forms  a  persistent  hand  at  the  base  of  the  ({uartzite  series 
of  the  central  and  south-western  Highlands  of  Scotland. 

Dr.  K.ot6  has  described  a  spotted  graphite  schist  as  attaining  a  considera])le  <levelop- 
.ment  among  the  crystalline  schists  of  Chichibu  in  the  main  island  of  Japan,  Jcnini.  Ooll. 
Unw.  Japan,  voL  ii.  part  ii.  (1888),  p.  96. 

^  See  an  alphabetical  list  of  these  minerals  in  ZirkePs  ‘Lehrbnch,’  iii.  p.  448.. 
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varieties  of  inarl)]e  that  are  available  for  ornamental  purposes,  these  names  being  usually 
taken  from  tlie  places  whence  the  stones  were  first  obtained,  or  from  their  colour  or 
markings.  Among  the  terms  of  more  geologicaj.  significance  the  following;  may  he  noted : 
Cipollino — a  marble  showing  bauds  (often  plicated)  of  different  shades  of  green,  in 
which  the  calcite  is  interleaA'ed  with  scales  and  folia  of  mica  ami  talc,  with  sometimes 
other  minerals.  0})hical  cite — a  fine-grained  rock  in  which  the  calotte  is  mingled  with 
green  serpentine.  Under  the  microscope  the  serpentine  grains  sometimes  reveal  a  central 
core  of  still  recognisable  olivine.- 

Hornfels. — Some  impure  limestones,  dolomites  and  calcareous  or  doloniitic  shales 
have  by  contaet-alteration  been  cmj  verted  into  compact,  close-grained  rocks,  in  which 
the  lime  has  been  united  to  silicic  acid,  producing  various  lime-silicates  (wollastonite 
sca})olitG,  &c.).  Such  inetainoiphosed  materials  are  known  as  Hornfels  or  lime -silicate- 
rocks  (Kalksilicathoriifels). 

Angite-scMst — a  fine-grained  schistose  aggregate  of  pale  or  dark-green  angite,  with 
sometimes  quartz,  p)kgioclase,  magnetite,  or  chlorite  ;  found  rarely  among  the  crystalline 
schists.  From  tlie  schistose  rocks  of  the  Taiimis,  Lossim  described  some  interesting 
varieties  under  the  name  of  Augite-schist  (Augitscliiefer).  They  are  greeu,  corapoact, 
sometimes  soft  and  yielding  to  the  finger-nail,  usually  distinctly  schistose,  and  interbedded 
with  the  gneisses  and  schists.  They  are  composed  of  a  fine  dull  diahase-like  ground -mass, 
through  which  are  dispersed  crystals  of  augite,  1  to  2  mm.  in  length,  which  iii  the 
typical  varieties  are  the  only  components  distinctly  recognisable  by  the  naked  eyed* 

Augite-rock -a  granular  aggregate  of  augite  (with  tourmaline,  s]>heiie,  scaj)olite, 
^c.),  found  in  beds  in  the  Laurentian  limestone  of  Canada.  M  ala  col  ite-ro  ek  is  a  pale 
granular  to  coni])act,  or  even  fibrous  aggregate  of  malacolite,  found  in  beds  in  crystalline 
liniestoiio  (Riesengeliirge). 

Grreenstone- schist.  Diabase-schist,  Gabhro-sehist.-  The  suggestion  made  many  years 
ago  by  J.  Beete  Jukes  ''  that  the  bands  of  dark  honiblendic  material  intercalated  among 
the  crystalline  schists  might  repwesent  former  sheets  of  lava  or  tnfif,  wbich  have  been 
luetauiorpliosed  together  with  the  .sediincuitary  strataainoiig  which  they  were  intercalated, 
has  been  amply  eonfiriucd  by  subse(pieiit  ohsorvation.  The  connection  of  some  schists 
with  original  masses  of  diorite,  gahbro  and  diahase  was  pointed  outhy  Lehiuaim,**  and  his 
observations  have  heeii  verified  by  later  researches  in  many  dilferent  parts  of  the  world. 
It  is  now  recogiiis(3{l  that  masses  of  erujitive  i-ock,  whether  intrusive  or  contemporaneously 
interstratified  ns  siipjcrlical  lavas  or  tulFs.  have  .sometimes  heeu  afterwards  subjected  to 
severe  crushing  under  great  pres.siire,  and  have  thereby  acquired  a  more  or  less  distinctly 
foliated  structure,  without  entirely  losing  all  trace  of  their  original  character.  Solid 
‘^eyes  ”  or  lenticular  lumps  are  left  between  the  material  which  has  heeu  crushed  down 
aud  has  re-crystallisod  as  .schist  (Figs.  1265,  266).  Hanies  are  given  to  sueh  .schists  to 

*  An  e.Yhaustive  account  of  niarblea  will  be  found  in  ^  History  and  Uses  of  LirneHtoiies  and 
Marbles,*  l)y  8.  M.  Burnham,  Boston,  188S,  pp.  xv.,  392,  with  forty-eight  eliroinolithographs 
of  the  stones. 

“  Zirkel,Ak//e.s‘/(^/n/;.  1870,  p.  828.  For  accounts  of  a  region  of  cipollinos  and  ophical  cites, 
see  G.  P.  Merrill,  Jatim.  ScL  March  1889,  p.  189  ;  also  J.  P.  Kemp.  Mull.  Oeol.  S<io. 

Amcr.  Vi.  (1895),  pp.  241-262.  Los.sen,  1).  G.  0.  xix.  (1867),  p.  558. 

This  term  was  applied  by  Macculloch  to  some  of  the  Tertiary  galibros  of  the  west  of 
Scotland.  It  lias  also  been  given  to  some  varieties  of  gabbro  (p.  232). 

‘Students*  Manual  of  Geology,’  2ik1  edit.  (1862),  pp.  169,  172. 

‘Untersuch.  Entst.  Altkiy.stalh  Schief.’  See  also  Griimbel,  ‘Die  Palaolitisehen  Eruptiv- 
gesteine  des  Pichtelgehirges,’  Munich,  1874,  p.  9.  Teall,  (p.  J.  (/.  S.  xli.  (1883),  p.  1S3  ; 

‘  British  Petrography,*  p.  198.-  Hatch,  Alem.  Geol.  Sm'vej/,  “  Explanation  of  4Sheets  138,  139, 
Ireland,”  p.  49.  Hyland,  Mem.  Geol  b'liriry,  “Explanations  of  Hortli-west  Donegal,  and  of 
South -’West  Donegal,”  Petrographical  Appendices.  Gr.  H.  Williams,  Bull.  E.S.  G.  *8- No.  62, 
1890.  This  subject  is  further  noticed  in  Book  IV.  Part  VIII.  8ect.  ii. 
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express  both  their  original  and  metamorphic  character.  Under  the  designation  of  Green¬ 
stone-schists  the  late  G.  H.  Williams  described  a  remarkable  series  of  transformations 
of  the  basic  eruptive  rocks  of  the  Menominee  and  Marquette  regions  of  Michigan. 
Orimnally  those  rocks  included  olivine-gabbros,  ordinary  gabbros,  diabase  (the  most 
frequent  type),  diabase -porphyry,  melaphyre  and  diorite,  but  by  a  complex  process 
of  compression,  faulting  and  crushing  they  have  been  transformed  into  Various  forms  of 
schist.^  In  the  Taunus  a  series  of  diabase-schists  has  been  described  by  L.  Milch.- 
Gabbro-schist  is  a  granular  to  schistose  aggregate  of  plagioclase  and  diallage  whhdi 
occurs  in  lenticular  bauds  anffong.^the  amphibolites  and  graniilites  of  the  crystalline 
schists.  The  diallage  may  appear  in  conspicuous  crystals,  and  is  sometimes  associated 
with  abundant  olivine,  as  in  ordinary  gabbro  (p.  231).^ 

Amphibolites—  a  name  applied  to  a  group  of  rocks,  composed  mainly  of  hornblende, 
sometimes  schistose,  sometimes  massive.  Besides  the  hornblende,  numerous  other 
minerals,  such  as  are  common  among  the  schists,  likewise  occur, — orthochivse,  ]>lagioelase, 
quartz,  aiigite  and  varieties,  garnet,  zoisite,  mica,  rutile,  &c.  Whore  the  rock  is 
schistose,  it  becomes  an  Amphibolite-schist  or  Hornblende-schist;  or  if  tlie 
hornblende  takes  the  form  of  actinolite,  Actin  olite-schist.  Glaucophane-schist** 
— a  bluish-grey  or  black  rock,  in  which  the  soda-amphibole  occurs  in  the  form  of  the 
beautiful  mineral  glaucophane,  is  of  somewhat  rare  occurrence.  'It  is  met  with  in 
Anglesey,  the  Southern  Alps,  Greece,  Corsica,  Celebes,  Japan,  California  and  Oregon. 
From  the  Greek  island  of  Syra,  where  this  form  of  schist  has  long  been  known,  Mr. 
Washington  has  recently  described  the  following  varieties  :  Epidote-glaucophane-schist, 
Mica  -  glaucophane  -  schist ;  Quartz  -  glaucophane  -  schist ;  he  notes  also  a  Garnet - 
glaucophane -schist  and  a  Zoisite- glaucophane  schist  from  California.  Actinolite - 
magnetite-schist  occurs  in  the  Mesab4  Iron  Range,  north-eastern  Minnesota.*^  Where 
an  amphibolite  is  not  schistose,  it  used  to  be  termed  homUende-roclc.  Nephrite  (Jade) 
is  a  compact,  extremely  finely  fibrous  variety.  The  presence  of  other  minerals  in 
noticeable  quantity  may  furnish  names  for  other  varieties.  Thus,  where  plagioclase 
(and  some  orthoclase)  occurs,  the  rock  becomes  a  Eelspar-amphibolite,  Dioritic 
amphibolite^  or  Diorite -schist.®  Amphibolites  occur  as  bands  associated  with 
gneiss  and  other  members  of  the  series  of  crystalline  schists.  They  probably  in  most 
cases  represent  original  sheets  of  basic  igneous  rock.  Various  types  of  amphibolite  have 
b^n  met  with  abundantly  by  the  officers  of  the  Geological  Survey  in  the  Highlands  of 
Scotland  and  in  Ireland,  where  what  were  doubtless  originally  pyroxenic  masses  erupted 
prior  to  the  metamorphism  of  the  region,  have  had  their  augite  changed  by  para- 
morphism  into  hornblende,  and  have  partially  assumed  a  foliated  structure,  passing  into 
Epidiorite  (p.  224),  Epidiorite-schist,  amphibolite-schist,  and  even  serpentine*. 

Eclogite,  one  of  the  most  beautiful  members  of  the  crystalline-schist  series,  is  a 
granular  aggregate  of  grass-green  omphacite  (pyroxene)  and  red  garnet,  through  which 
are  frequently  dispersed  hornblende,  quartz,  kyanite,  zoisite  or  white  mica.  It  occurs 

^  Bull.  U.  S.  G.  S,  No.  62  (1890). 

^  Z  D.  G.  G.  xli.  (1889),  p.  394. 

Rocks  of  this  chai*acter  occur  in  the  Saxon  “  Granulitgebirge,”  and  also  in  Lower  Austria. 
F.  Becke,  Tschermak  s  Min.  Mitth.  iv,  p.  352.  J.  Lehmann’s  ‘  Untersuch.  Entstehung 
Altkryst.  Schiefer,’  p.  190.  C.  W.  Hall,  “  Gahbro-schistsx)f  S.  W.  Minnesota,”  B.  U.  S.  G.  S. 
No.  157  (1899). 

^  On  glaiicophane-rocks,  see  H.  Rosenbusch,  ‘Elemente  der  Gesteinslebre,’ p.  521  ;  Sitzlj. 
AMd.  Wm.  Berlin,  xlv.  (1898),  p.  706.  H.  S.  Washington,  “A  Chemical  Study  of  the 
Gkucophane-schists,”  A^ner.  Journ.  Sd.  xi.  (1901),  pp.  35-59  ;  Bonney,  Minemlog.  Mag.  vLi. 
p.  1,  and  vni.  p.  151.  A.  Wichmann,  Mues  Jahrb.  (1893),  ii.  p.  176. 

^  W.  S.  Bayley,  Amer.  Jouni.  Sci.  xlvi.  (1893),  p.  176. 

®  See  P.  Becke,  Tschermik^s  Min.  MUth.  iv.  p.  233.  This  author  likewise  distinguishes 
dmUage^amphMite,  gani^-amphibolite,  same-amphibolite,  zoisite-cmphibolite. 
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in  bands  in  Archaean  gneiss  and  mica-schist.^  To  those  varieties  where  the  kyanite 
becomes  predominant,  the  name  of  Kyanite-rock  has  been  given.  Garnet-rock  is  a 
crystalline-granular  rock  composed  mainly  of  garnet,  with  hornblende  and  magnetite  ; 
by  the  diminution  of  the  garnet  it  passes  into  an  amphibolite.  Kiiizigite — a  crystalline 
schistose  rock,  composed  of  plagioclase,  garnet,  and  black  mica,  found  in  the  Black 
Forest  (Kinsig)  and  the  Odenwald.  In  the  island  of  Syra,  among  the  various  glauco- 
phane-schists  above  referred  to,  a  beautiful  Glaucophaiie-eclogite  occurs  composed  of 
large  grains  of  green  omphacite,  red  garnet,  small  prisms  of  blue  glaucophaiie,  with  mica, 
quartz,  rutile,  and  other  minerals. 

Epidosite  (Qiiartz-epidote-rock,  Pistacite-rock) — an  aggregate  of  bright  green  epidote 
with  some  quartz,  occurs  with  chlorite-schists  (Canada),  with  granite  and  serpentine 
(Elba),  and  with  syenite.  Epidote -schist,  a  schistose  greenish  rock,  with  silvery 
lustre  oil  the  foliation  surfaces,  coinjiosed  of  epidote,  sericite,  magnetite,  quartz,  calcite, 
plagioclase,  and  specular  iron.- 

Chlorite-schist  (Ri])idolite-seliist,  Cliiiochlore-schist) — a  scaly  or  granular  schistose 
aggregate  of  some  cliloritic  mineral  (jierhaps  in  most  cases  clinochlore),  usually  with 
quartz  and  often  with  felspar,  talc,  mica,  epidote  or  magnetite,  the  last-named  mineral 
frequently  a}q)earing  in  beautifully  perfect  disseminated  octoliedra.  Occurs  with  gneiss 
and  other  schists  in  evenly  bedded  masses. 

Talc-schist — a  schistose  aggregate  of  scaly  talc,  often  with  quartz,  felspar,  and  other 
minerals ;  having  an  unctuous  feel,  and  white  or  greenish  colour.  Occurs  somewhat 
rarely  in  beds  associated  with  mica -schists  and  clay-slate,  and  frequently  contains 
magnetite,  chlorite,  mica,  kyanite,  and  other  minerals,  including  carbonates.  A 
massive  variety,  composed  of  a  finely  felted  aggregate  of  scales  of  talc,  or  chlorite,  is 
called  Potstone  (Topfstein).  Many  rocks  with  a  soapy  or  unctuous  feel  have  been 
classed  as  talc-sobist,  which  contain  no  talc,  but  a  variety  of  mica  (sericite-schist,  &c.). 
Talc-scliist,  though  not  specially  abundant,  occurs  in  considerable  mass  in  the  Alps 
(Mont  Blanc,  Monte  Rosa,  Garin thia,  &e.),  and  is  found  also  among  the  Apenniiie  and 
Ural  mountains. 

Peridotites  of  the  Crystalline  Schists.'-^  Rocks  of  which  olivine  forms  a  main 
constituent  occur  as  subordinate  hands  or  irregular  masses  associated  with  gneisses  and 
other  schistose  rocks.  They  were  probably  eruptive  masses,  contemporaneous  with  or 
subseipient  to  the  surrounding  gneisses  and  schists.  The  olivine  is  commonly  associ¬ 
ated  with  some  pyroxcnic  mineral,  hornblende,  garnet,  &c.  The  following  varieties 
have  received  special  names, — Garnet -olivine  ro(ik,  Bronzite- olivine  rock,  Ainphibole- 
oliviiie  rock.  Some  of  the  rocks  mentioned  at  pp.  240-243  may  also  be  included  here. 
Diinite,  for  example,  which  occurs  in  apparently  eruptive  form  at  Dun  Mountain,  near 
Melsoii,  New  Zealand,  is  found  in  North  Carolina  in  beds  with  laminated  structure 
intercalated  in  hornblende-gneiss.  Eulysite  lies  in  lenticular  layers  in  the  Swedish 
gneiss.  Many  of  these  rocks  liavci  undergone  muedi  crushing  and  deformation,  and  i)as8 
into  foliated  forms  of  Serjxmtine,  which  must  thus  be  reckoned  as  one  of  the  schistose 
as  well  as  one  of  the  eruptive  series.  The  remarkahle  schistose  serpentines  interbedded 
among  phyllites,  mica-schists,  and  limestones  in  Banffshire  have  been  already  referred 
■to  (p.  243). 

Halleflinta—an  exceedingly  compact,  hornstonc-like,  f(3lsitic,  grey,  yellowish, 
greenish,  reddish,  brownish,  or  black  rock,  composed  of  an  intimate  mixture  of  micro¬ 
scopic  ])articles  of  felspar  and  quartz,  with  lino  scales  of  mica  and  chlorite.  It  breaks 

^  See  A.  l^acroix  on  the  Eclogites  of  the  Lower  Loire,  Jinl/.  Soc.  Scl.  jVtiL  de  V Quest  de  La. 
Era'nce,  Nantes,  1891. 

See  Wichmann  on  Rocks  of  Timor,  ‘Beitriige  znr  Geologie  Ost-Asiens  und  Australiens,’ 
II.  Part  ii.  p.  97,  Leyden,  1884. 

^  See  Tschermak,  Sitzh.  Akad.  Wisse/n.^  Vienna,  Ivi.  (1867).  F.  Becke,  Tsekermak's 
Alhi.  Mlith,  iv.  (1882),  p.  322.  E.  Dathe,  Nejies  Jahrb.  1876,  pp.  255-337. 
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with  a  splintery  or  concLoidal  fracture,  presents  under  the  microseo[)e  a  finely  crystalline 
structure,  occasionally  with  nests  of  quartz,  and  is  only  fusible  in  fine  splinters  before 
the  blow-pipe.  Some  of  the  rocks  to  which  this  name  has  been  applied  are  probably 
felsitic  lavas ;  others,  though  externally  presenting  a  resemblance  to  felsite,  occur  in 
beds  intimately  associated  with  foliated  rocks  (Norway),  and  may  be  metainorphie 
products  (perhaps  altered  fine  sediments)  due  to  the  same  series  of  changes  that  gave 
rise  to  the  crystalline  schists  among  which  they  lie.^ 

Adinole  (Adin ole-schist) — a  rock  externally  resemhling  the  last,  but  distinguished 
from  it  hy  its  greater  fusibility.  It  is  an  intimate  mixture  of  quartz  and  albite,  con¬ 
taining  about  10  per  cent  of  soda.  It  is  a  product  of  alteration,  being  found  among  the 
altered  Carboniferous  shales  around  the  eruptive  diabases  of  the  Harz,  in  the  altered 
Devonian  rocks  of  the  Taunus,  and  in  the  altered  Cambrian  rocks  of  South  Wales.  - 

Porpli3n:old-— a  name  variously  applied  (mite,  p.  130),  perhaps  best  reserved  for  rocks 
composed  of  a  felsite-like  ground-mass  which  has  assumed  a  more  or  less  schistose 
structure  from  the  development  of  micaceous  scales,  and  which  contains  porphyritically 
scattered  crystals  of  felspar  and  quartz.  The  felspar  is  either  orthoclase  or  albite,  and 
may  be  obtained  in  tolerably  perfect  crystals.  The  quartz  occasionally  presents  doubly 
terminated  pyramids.  The  micaceous  mineral  may  be  paragonite  or  sericite.  Porpliyroid 
occurs  in  circumstances  which  indicate  considerable  mechanical  deformation,  as  among 
the  schistose  rocks  of  Saxony,'^  in  the  Palreozoic  area  of  the  Ardennes, as  w’ell  as  in 
AVestphalia  and  other  parts  of  Europe.''^  Most  porphyroids  are  probably  sheared  forms 
of  quartz-porphyry,  or  similar  rocks,  the  fissile  structure  and  the  micaceous  films  being 
precisely  such  as  would  be  produced  by  the  crushing  and  partial  re-crystallisation  of 
these  rocks.  In  some  eases  the  original  materials  may  have  been  volcanic  tuff. 

Tourmaline-schist  (Schorl-schist,  schorl-rock),  a  blackish,  finely  granular,  quartzose 
rock  with  abundant  gi’anules  and  needles  of  black  tourmaline  (schorl),  which  occurs  as 
one  of  the  products  of  contaet-metamorphism  in  the  neighbourhood  of  some  granites 
(Cornwall). 

Mica-schist  (Mica-slate,  Glimmerschiefer),  a  schistose  aggregate  of  quartz  and  inica, 
the  relative  proportions  of  the  two  minerals  varying  widely  even  in  the  same  mass  of  rock. 
Each  is  arranged  in  lenticular  wavy  laminie.  The  quartz  shows  great  inconstancy  in 
the  number  and  thickness  of  its  folia.  It  often  presents  a  granular  character,  like  that 
of  quartz-rock,  or  passes  into  granulite.  The  mica  lies  in  thin  plates,  sometimes  so 
dovetailed  into  each  other  as  to  form  long  continuous  irregular  crumpled  folia,  separating 
the  quartz  layers,  and  often  in  the  form  of  thin  spangles  and.  membranes  running  in 
the  quartz  (Figs.  35  and  36).  As  the  rock  splits  open  along  its  micaceous  folia,  the 
quartz  may  not  be  readily  seen  save  in  a  cross  fracture. 

The  mica  in  typical  mica-schist  is  generally  a  white  variety  ;  but  it  is  sometimes 
replaced  by  a  dark  species.  In  many  lustrous,  unctuous  schists  which  are  now  found 
to  have  a  wide  extent,  the  silvery  foliated  mineral  is  ascertained  to  be  a  mica  (sericite, 
margarodite,  damourite,  &c.),  and  not  talc,  as  was  once  supposed.  These  were  named 
by  Dana  hydro-mica-schists.  Among  the  accessory  minerals,  garnet  (specially  charac¬ 
teristic),  schorl,  felspar,  hornblendes^  kyanite,  staiirolite,  chlorite,  and  talc  may  be 
mentioned.  Mica-schist  readily  passes  into  other  members  of  the  schistose  .family. 
By  addition  of  felspar,  it  merges  into  gneiss.  By  loss  of  quartz  and  increase  of  chlorite, 


^  For  analyses  see  H.  Santesson,  ‘  Kemiska  Bergsartaiialyser,’  8vo,  Stockholm,  1877  ;  and 
for  details  as  to  the  Swedish  rocks,  O.  Nordenskjold,  (M.  Foren,  Stockhulm,  xviii.  (1895), 
pp.  653-682. 

-  Losseu,  Z.  D.  0.  G\  xix.  (1867),  p.  573.  See  also  Q.  J.  (L  S.  xxxix.  (1883),  pp.  302^ 
320  ;  Rosenbusch,  ‘Mikrosk.  Physiog.’  ;  F.  Posepny,  TschermaFs  Min.  MUth.  x.  175. 
Rothpletz,  GeoL  Survey  Saxony,  “  Explanation  of  Section  Rochlitz.” 

^  De  la  Vallee  Poussin  and  Eenard,  Mem.  Couronnks  Acad.  Roy.  Bely.  1876,  p.  85. 

®  Lessen,  Sitz.  Gesdlsck.  JPVeunde,  1883,  No.  9. 
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it  passes  into  ehlorite-scliist,  and  l)y  the  loss  of  mica,  into  fj[iiai*t/i -schist  and  quartzite. 
I]y  failure  of  quartz  and  diminution  of  mica,  with  an  increasing  admixture  of  calcite, 
it  may  shade  into  calc-inica-scliist  (see  below),  and  even  into  luarlde.  Mica-schist 
varies  in  colour  mainly  according  to  the  hue  of  its  mica. 

Mr.  Sorby  has  stated  that  thin  slices  of  some  mica-schists,  when  examined  under 
the  microscope,  show  traces  of  original  grains  of  quartz-sand  and  other  sedimentary 
particles  of  which  the  rock  at  lirst  consisted.  He  lias  also  found  indications  of  wliat  lie 
supposes  to  have  been  current-bedding  or  ripjde-di'ift,  like  that  seen  in  many  tim*  se<li- 
mentary  deposits,  and  he  concludes  that  mica-schist  is  a  crystalline  mctaiiiorjdiosed 
sedimentary  rock.^  In  many,  if  not  in  most  cases,  however,  the  foliation  doi^s  not 
correspond  with  original  bedding,  but  with  structural  planes  (cleavage,  faxdting) 
superinduced  hy  pressure,  teiusiou,  or  othcrwisiq  iqxm  rocks  which  may  not  always  have 
been  of  sedimentary  origin. 

Among  the  varieties  of  miea-sehist  may  be  nieiitionc(l  Seriei te-schis I  (which  may 
be  also  included  among  the  phyllites),  composed  of  an  aggregate  of  fine  folia  of  the.  silky 
variety  of  mica  called  sericite,  in  a  compact  horiestoiie-like  (jiuartz  ;  J‘aragoiiite-scli  Ist, 
where  the  mica  is  the  hydrous  soda  variety,  jiaragoiiite  ;  Gneiss-ra  icoi-sehist,  con- 
tainiiig  dispersed  kernels  of  orthoelase.  Other  varictii's  have  hemi  named  Si  i  1  imaii  ite- 
mica -sc  hist,  Epidote- mica -schist,  Ohloritoid-inica-sidiist,  Or  a  phi  ti‘-'miea.- 
schist.  Some  of  these  rocks  contain  little  or  no  quartz,  the  place  of  which  is  takmi  (ly 
felspar.  Calc-mica-schist  is  a  schistose  calcareous  rock,  which  in  many,  if  not  in 
all  cases,  was  originally  a  limestone  with  more  or  less  muddy  im]>uriiy.  The  earI)oiia.t(‘ 
of  lime  has  assumed  a  granular-crystalline  form,  while  tlie  aluminous  silicahjs  liave  re¬ 
crystallised  as  fine  scales  of  white  mica.  Tinmolite,  zoisitc,  and  other  minerals  an* 
not  infrequent  in  this  rock. 

ISformal  mica-schist,  together  with  other  schistose  rocks,  forms  extimsive  regions  in  Nor¬ 
way,  Scotland,  the  Alps,  and  other  parts  of  Europe,  and  vast  tracts  of  tlu^  “  Arclnean  ’’ 
regions  of  ISTorth  America.  Some  of  its  varieties  are  also  found  encircling  granite 
masses  (Scotland,  Ireland,  &c.}  as  a  zone  or  aureole  of  coiitae.t-metainorpIuHni  from  a 
few  yards  to  a  mile  or  so  broad,  which  shades  away  into  unalteu’ed  greywae.ke  or  slate 
outside.  In  these  cases,  mica-schist  is  unquestionably  a  imitamorjihoHe.d  condition  ol 
ordinary  sedimentary  strata,  the  change  being  comiocted  with  the.  extravasation  of 
granite.  (Book  IV.  Part  VIII.  j 

Though  the  possession  of  a  fissile  structure,  showing  abundant  diviHional  surfact'h 
covered  with  glistening  mica,  is  characteristic  of  mica-Hchist,  wit  must  distiugiUHli 
between  this  structure  and  that  of  many  micaceous  sandstones  which  (an  ho  split  into 
thin  seams,  eacli  splendent  with  the  sheen  of  its  mica-flakes.  A  little  examination  #ill 
show  that  in  the  latter  ease  the  mica  exists  merely  in  tluj  form  of  detached  worn 
(clastic)  scales,  which,  though  lying  on  the  same  general  jilano,  are  not  welded  intc^ 
each  other  as  in  a  schist ;  also  that  the  quartz  does  not  exist  in  folia  but  in  roundoil 
separate  grains.  In  mica-schist,  on  the  other  hand,  the  miuerals  have  crystallised 
in  sit  a. 

Gneiss. — This  name,  formerly  restricted  to  a  schistose  aggregate  of  orthoelase  (often 
microcline  or  a  plagioclastic  felspar,  either  separate  or  crystallised  together),  quartz,  and 
mica,  is  now  commonly  employed  in  a  wider  sense  to  denotci  the  coarser  schists  wdiicli 
so  often  present  granitoid  characters. Many  gneisses,  indeed,  dilFerfrom  granite  chicdly 

^  Q.  J.  U.  S,  (1863),  p.  401,  and  his  address  in  vol.  xxxvL  (1880),  p.  85,  The  apparent 
current-bedding  of  many  gramilitic  and  other  metamorphic  rocks  is  certainly  dectqdive, 
and  must  be  due  to  planes  of  shearing  or  slipping  in  the  mechanical  rnovemeuts  wliicb 
produced  the  metamorphism. 

2  See  Kalkowsky’s  ‘  Gneissformation  des‘ Eulengebirges,’  Leipzig,  1878,*  Lehmann’s 
‘  Altkrystallinische  Schiefergesteine,’  1884  ;  F,  Becke,  Tschomak's  Min.  MiUh.  1882,  p. 
194  ;  E.  Weber,  up.  cit.  1884,  p.  1,  and  postea^  Book  IF.  Part  VIIL  §  ii.,  and  the  account 
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in  the  foliated  arrangement  of  the  minerals.  Others  again  are  of  intermediate  composition, 
while  some  are  decidedly  basic.  This  wide  range  of  chemical  constitution  is  what  might 
be  expected  if  these  rocks  have  to  any  large  extent  been  produced  by  the  dynamic  and 
thermal  metamorphism  of  eruptive  masses  of  diverse  composition.  In  minute  structure 
the  gneisses  present  many  points  of  affinity  with  the  massive  rocks.  Thus  the  quartz 
sometimes  contains  abundant  liquid  and  gas  inclusions,  in  which  carbon-dioxide  has  been 
detected  (p.  142).  The  relative  proportions  of  the  minerals,  and  the  manner  in  which 
they  are  grouped  with  each  other,  in  many  respects  recall  the  eruptive  rocks,  hut  are  still 
more  varied.  As  a  rule,  tlie^ folia  are  coarser,  and  the  schistose  character  less  perfect  than 
in  mica-schist.  Sometimes  the  quartz  lies  in  tolerably  pure  bands,  a  foot  or  even  more  in 
thickness,  with  plates  of  mica  scattered  through  it.  These  quartz  layers  may  be  re¬ 
placed  hy  a  crystalline  mixture  of  quartz  and  felspar,  or  the  felspar  will  take  the  form 
of  independent  lenticular  folia,  while  the  laminm  of  mica  which  lie  so  abundantly  in  the 
rock  give  it  its  fissile  structure.  The  felspar  of  many  gneisses  presents  under  the 
microscope  a  remarkable  fibrous  structure,  due  to  the  crystallisation  of  fine  lamelLne  of 
some  plagioclase  (albite  or  oligoclase)  in  the  main  mass  of  orthoclase  or  microcline.^ 
Among  the  accessory  minerals  developed  in  gneisses,  garnet,  tourmaline  or  schorl, 
hornblende,  pyroxene,  cordierite,  sillimanite  or  fibrolite,  andalusite,  epidote,  apatite, 
graphite,  pyrites,  zircon,  sphene,  rutile  and  magnetite  may  be  enumerated 

One  of  the  most  prominent  structures  in  typical  gneisses  is  the  banding  of  their  con¬ 
stituents  in  approximately  parallel  lenticular  layers,  which  sometimes  differ  greatly  from 
each  other  in  composition.  Thus  in  the  acid  varieties,  bands  of  quartz  may  be  seen 
alternating  with  bands  of  orthoclase  or  other  felspar,  or  with  black  hornblende  or  mica. 
In  the  more  basic  kinds,  white  layers,  chiefly  composed  of  plagioclase  felspars,  may  be 
found  separated  hy  darker  seams  of  pyroxene  or  magnetite.  That  this  separation  of 
mineral  constituents  has  Qot  been  produced  hy  any  subsequent  process  of  deformation 
and  re-aiTangement,  but  belongs  to  the  original  structure  of  the  masses,  is  rendered 
highly  probable  by  the  discovery  of  a  closely  similar  arrangement  in  large  bodies  of 
acid  and  basic  eruptive  material.  Eeference  has  already  been  made  to  the  banded 
character  of  some  gabbros  {aniCf  p.  232).  But  the  S.nalogy  of  structure  goes  still  further 
than  the  existence  of  such  handing.  It  has  been  ascertained  that  in  circumstances 
which  exclude  all  possibility  of  subsequent  mechanical  disturbance  the  banding  in 
some  gabbros  exhibits  contortion  and  plication  which  must  have  been  produced  before 
the  final  consolidation  of  the  molten  material.  This  remarkable  structure  is  admirably 
displayed  by  the  Tertiary  gabbros  of  Skye,  which  so  closely  in  this  respect  resemble 
some  of  the  most  ancient  gneisses  that  any  geologist  might  well  be  excused  if  he  at  first 
were  to  hesitate  to  believe  the  rocks  to  be  other  than  portions  of  the  Archsean  gneiss 
of  the  north-west  of  Scotland.'-^  There  is  thus  evidently  a  close  parallel  between  one 
of  the  most  distinctive  characters  of  gneiss  and  structures  which  can  be  seen  in  eruptive 
bosses. 

Another  line  of  evidence  which  links  the  gneisses  with  eruptive  rocks  may  be  fouird 
in  the  indications,  now  observed  in  many  places,  that  true  foliated  gneisses,  some  times 
behave  as  intrusive  masses  which  have  been  injected  into  other  schists  and  have  been 
accompanied  by  metamorphism.  Professor  Lehmann  -first  maintained  the  true  eruptive 
nature  of  certain  gneisses  in  the  Saxon  granulite  tract,  and  this  view  was  subsequently 

of  pre- Cambrian  rocks,  Book  VI.  The  carbonaceous  gneiss  of  the  Black  Forest  is 
described  by  Professor  Boseiibusch  in  the  MUt.  Badisch.  GeoL  Landesanst.  IV.  i.  (1 899). 

^  F.  Becke  [Tschermak' s  Min.  Mitth.  1882  (iv.),  p.  198)  described  this  structure  and 
named  it  microjpertMte. 

^  J.  J.  H.  Teall,  “ The  Origin  of  Banded  Gneisses,”  Geol  Mag.  1887,  p.  484.  A.  G.,  Trans. 
Boy.  Soc.  Mdin.  xxxv.  (1888),  p.  131 :  Q.  J.  Q.  B.  1.  (1894),  p.  217  ;  “  Sur  la  Structure 
rubannte  des  plus  auciens  Gneiss  et  des  Gabbros  Tertiaires,”  Compt.  rend.  Gongr.  Giol. 
Internat.  1894,  p.  139.  A.  G.  and  J.  J.  H.  Teall,  q.  J.  G.  S.  1.  (1894),  p.  645. 
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further  enforced  by  E.  Danzigd  In  the  south-eastern  Highlands  of  Scotland,  j\Ir. 
George  Barrow  has  traced  an  intrusion  of  gneiss  which  has  ])en(itrai.ed  ii  Heri(5.s  of  schists, 
producing  in  them  all  the  characteristic  phenomena  of  contacd-nietamorphiHni.- 

While  there  can,  therefore,  be  no  doubt  that  some  gneisses  wcu'o  originally  massive 
eruptive  rocks  which  have  acquired  their  foliated  chaiwdcr  by  subHc<|UGnt  ni(dn.niorj)hism, 
there  can  be  as  little  hesitation  in  regarding  other  gneisses  as  he-ving  been  produced  by 
the  alteration  of  sedimentary  strata.  The  district  just  referred  to  as  having  furnished 
to  Mr.  Barrow  evidence  of  an  intrusive  gneiss,  iucludos  a  wide  ar()a  of  schists  which  near 
the  gneiss  have  acquired  a  coarse  gneissic  structure  but  })asH  outwards  through  successive 
zones  of  diminishing  metamorpliism  until  they  become  ordinary  phyllit<‘-s.  Tlniy  an^  of 
sedimentary  origin,  and  include  altered  argillaceous  rock.s,  (quartzites  and  liinestones.  In 
other  regions  bands  of  conglomerate,  obviously  composed  of  wahu’-rolhsl  mat('ri?ds,  art* 
intei’calated  among  true  gneisses  as  regularly  as  such  materials  are  among  sandstones 
and  shales.  Some  gneisses,  moreover,  contain  car]K)naceous  layco’s  which  snggfist  their 
derivation  from  former  vegetable  materials,  though  the  possible  source  of  tin*  (‘arhon  in 
the  Arclnnean  rocks  may  have  lain  in  inorganic  processt's,  to  which  alluHiou  has  already 
been  made.  In  his  discussion  of  the  gneiss  of  the  Black  Forest,  Professor  H,OHenl)Usch  came 
to  the  conclusion  that  the  carbonaceous  .substance  so  abundant  in  sonn*  of  iliese  rocks  is 
most  likely  of  organic  origin.  From  time  to  time  what  were  snpqio.sed  to  he  fossils  have 
been  reported  from  the  gneiss  of  different  counties.  While  there  can  \h\  no  doubt  that: 
organic  remains  have  really  been  found  in  seliisto.se  rocks,  the  materia, Is  of  which  have 
undergone  entire  re-arrangement  and  ro-cry.stallisation  (a.s  in  tin*.  Upper  Silurian  mica, - 
schist  of  Southern  Norway,  described  by  Peuseh),  the  extreim^  re-iamstruetion  wliicli 
true  gneisses  have  undergone  renders  the  survival  of  recognisabb*  organic  forms  in 
them  unlikely. 

Where  sedimentary  strata  have  been  converted  into  gneiss,  the  change  lias  some¬ 
times  been  effected  by  the  re-composition  of  tln^ir  intimati*  Hinietnre  a,iMl  tlnwissiimptioii 
of  a  new  crystalline  re-arraugement.  In  other  cases,  if,  has  l>een  produce, d  by  tlii^ 
introduction  of  granitic  material  from  witliout  ahmg  (bdinib*  plaiie.s,  sucli  as  those  of 
bedding  or  of  cleavage.  This  //iJ  p/r  /if  inje.eliori  has  been  .studied  in  detail  in  the 
central  plateau  of  France  and  in  the  north-west  of  Heol  laud.'' 

Many  varieties  of  gneiss  have  heem  (listingiiished  by  .se])arate  mime.s,  wlii«*li  iu  mo.st 
cases  explain  them, selves.  Some  are  based  on  jx'e.uliavit  i<‘.s  ol  .st ruet.iu'e  or  coin jio, sit, ion, 
as  Granite-giieis.s,  where  tln^  .schistose.  arring(iment  i.s  .so  coarse  as  to  be  unreeogniHabhs 
save  in  a  large  mass  of  tlie  roede  ;  Diori  te-gii(‘i.ss,  galdiro-gn  ei.ss,  eompo.sed  of  tlie 
mateiials  of  a’dioiite  or  ga,bbro  but  with  a  eoar.sidy  .sehi.st.ow*  strueture  j  Porpli y ri  tit* 
gneiss  oi  Augeiigneiss,  in  which  larg(j  (‘y(i-lik(>  kernel.s  ol  c)rt lioclaw*  or  (juartz  arc’ 
dispersed  through  a  finer  matrix  and  rcjU'CHimt  larger  erystals  or  ery«(,a!iiiie  aggregates 
which  have  been  broken  down  and  dragged  along  by  Hhearing  nmvenimit.M  in  the.  roe.k. 
Other  varieties  are  named  from  the*  occurnme.e.  in  them  of  one  or  mon^  di-Htiuguisliing 
minerals,  as  Hornblende-gnfU.sH  (syenitic  gneissj,  in  which  li(»rnh!eiidc  oecurH  instmid 
of  or  in  addition  to  mica  ;  Protogi m* -gii ei .s.s,  where  tin*  ordinary  nub-a  i.s  altered  into 
a  chloritic  or  talc-like  suhstance  ;  Herici  te.-giie is.H,  a  HeJiistoHCJ  aggregate  of  Hcricitc, 
albite,  quartz,  with  les.H  frecquently  white  and  black  miea  and  a  eliloritie.  mineral;*^ 
Pyroxene-gneis.s,  containing  an  augitic  mineral  (not  of  tim  dialhige  group)  and  potash- 
felspar  or  potash-soda-fclspar  or  .seapolite,  with  hornhlende  (whieh  lia.H  often  erystalliHiel 
parallel  with  the  augile),  brown  miea,  more  or  Ici.hh  (juartz,  and  also  fre<|ueufly  with 

Lehmann  in  ep.  r//.  ;  Danzig,  Afi/f/i.  A/in.  Iftsf.  /uV-/,  Hand  h  pr#.  tip, 

-  Q.  J.  0.  s.  xlix.  (189;]),  i)p. 

^  Michel-Lcl'vy,  Bull.  Sue.  d/oL  Franv.i',  xvi.  (188Hg  j,.  log  J.  Horne  am!  K  (treeuly, 

Q.  .  G.  S.  Hi.  (1896),  p.  tid8.  This  subjecd.  is  more  fully  diseiuisad  iu  Bonk  IV  Part  \'in 
Sect.  ii. 

^  K.  A.  Lo.sseii,  /).  d.  d.  xix.  (1867),  p.  965. 
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iL'Snr^tcL’'aud  laje’rof  iaphite.  Othev  varieties  arc  Garnot-gneiss,  FibroliK- 

"'tLSJnjS  occur  among  the  so-called  “  Arelnvan  rocks,”  ofu-Mch  tlu^ 

f  tL  leading  tvpe  and  where  they  probably  represent  original  eruptive  rocks.  (f>r» 
Ik  VI  Partin  They  cover  considerable  areas  in  Scandinavia,  N.W.  Scotland 
1  I  Bavaria  Erzi-ebii-e  Moravia,  Central  Alps,  Canada,  &e.  Hut  rocks  to  winch 
£‘n  n;!rP^  refused  appear  also  among  the  product.s  of  the 

morphism  of  various  stratified  formations.  Such  are  the  gi.ei.sses  associatod  with  ,  .  y 
other  crystalline  schists  among  the  altered  Cambrian  and  feilunan  rocks  of  Scotln ml, 
Norway,  and  New  England,  tlie  altered  Devonian  rocks  of  tlie  lauiius,  and  otlim 
regions,  whicli  will  be  described  in  Book  IV.  Part  VIII. 

"’GraJiunte^^  (Eiirite-scliistoide,  Leptynite  of  French  authors,  Weiss-stein)-~»a  tiiic- 
.^rained  age^regate,  presenting  under  the  microscope  a  kind  of  granular  mosaic,  and 
composed  of  pale  reddish,  yellowish,  or  white  felspar  with  quarto  and  small  red  garnet.s, 
occasionally  with  kyanite,  biotite,  and  microscopic  rutile  and  tourmaline.  The  fels}>ar, 
which  is  the  predominant  constituent,  presents  the  peculiar  fibrous  structure  referred  to 
in  the  foregoing  description  of  gneiss  (micropertbite,  inicrocline),  and  apiiears  seldom  to 
be  true  ortboclase.  The  quartz  is  conspicuous  in  thin  partings  between  thicker  more 
felspathic  hands,  giving  a  distinctly  fissile  character  to  the  mass.  A  dark  variety,  iiiter- 
stratihed  with  the  normal  rock,  is  distinguished  by  the  presence  of  microscopic  aiigite 
or  diallage  (Augitgranulite  of  Saxony).  Granulite  occurs  in  bauds  aiiioiig  the  gneiss  au<l 
other  members  of  the  crystalline  schist  series  in  Saxony,  Bohemia,  Lower  Austria,  the 
Vosges,  and  Central  France.  The  term  “granulite”  is  also  employed  in  a  structural 
sense  to  denote  a  rock  which  has  he^n  crushed  down  by  dynamic  metamorphism,  ami 
has  acquired  this  characteristic  fine  granular  structure.  (Pp.  130,  245,  248.) 


^  The  occurrence  of  augite  as  an  abundant  constituent  of  some  gneisses  luis  been  made 
known  by  microscopic  research.  Pocks  of  .this  nature  occur  in  Sweden  (A.  Stelziier,  N. 
Jahrb.  1880,  ii.  p.  103),  and  have  been  fully  described  from  Lower  Austria  (F.  Biirlce, 
Tsehermak's  Min.  Mitth.  iv.  1882,  pp.  219-365).  They  are  likewise  well  dcvekqjcd 
among  the  oldest  gneisses  of  the  north-w’-est  of  Sutherland  in  Scotland. 

-  Graphite  is  abundant  in  some  gneisses,  as  for  exanqile  in  those  of  Canada.  Idie 
subject  of  its  distribution  has  been  discussed  particularly  by  Dr.  E.  Weinschenk.  Bee 
among  his  contributions,  ‘Zur  Kenntniss  der  Graphitlagerstiitten  des  Payerisch-bohmisalieii 
Greuzgebirges,’  Munich,  1897. 

^  Michel -Levy  has  proposed  to  reserve  the  names  “Leptynite”  for  Hchisiose  and 
“  Granulite  ”  for  eruptive  rocks.  JB.  S.  G.  F.  3rd  ser.  ii.  pp.  177,  189  ;  iii.  p.  287  *,  iv. 
p.  730 ;  vii.  p.  760 ;  Lory,  pp.  cit.  viii.  p.  14.  Scheerer,  Neues  Jahrb.  1873,  p.  673.  Datlie, 
y.  Jahrb.  1876,  p.  225  ;  Z.  D.  G.  G.  1877,  p.  274.  Details  regarding  the  great  developiiJeut 
of  the  granulite  of  Saxony  (Graniilitgebirge)  will  be  found  in  the  explanatory  pamphlets  pub¬ 
lished  with  the  sheets  of  the  Geological  Survey  of  Saxony,  especially  those  of  sections  Rocblitz, 
Geringswalde,  and  Waldheim.  The  history  of  the  origin  of  granulite  is  disciissed  by  J. 
Lehmann  in  his  ‘  Untersuchungen  tiber  die  Entstehung  der  AltkrystalL  Scliiefergesteine.  ’ 
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DYNAMICAL  GEOLOGY. 

Dynamical  Geology  investigates  the  processes  of  change  at  present 
in  progress  upon  the  earth,  whereby  modifications  are  made  on  the 
structure  and  composition  of  the  crust,  on  the  relations  between  the 
interior  and  the  surface,  as  shown  by  volcanoes,  earthquakes,  and  other 
terrestrial  disturbances,  on  the  distribution  of  land  and  sea,  on  the 
outlines  of  the  land,  on  the  form  and  depth  of  the  sea-bottom,  on  marine 
currents,  and  on  climate.  Bringing  before  us,  in  short,  the  whole  range 
of  geological  activities,  it  leads  to  precise  notions  regarding  their  relations 
to  each  other,  and  the  results  which  they  achieve.  A  knowledge  of 
this  branch  of  the  subject  is  thus  the  essential  groundwork  of  a  true  and 
fruitful  acquaintance  with  the  principles  of  geology,  which  are  founded 
on  the  postulate  that  the  study  of  the  present  order  of  nature  provides 
a  key  for  the  interpretation  of  the  past. 

.  The  operations  considered  by  Dynamical  Geology  may  be  regarded 
as  a  vast  cycle  of  change,  into  the  investigation  of  which  the  student 
may  break  at  any  point,  and  round  which  he  may  travel,  only  to  find 
himself  brought  back  to  his  starting-point.  It  is  a  matter  of  com¬ 
paratively  small  moment  at  what  part  of  the  cycle  the  inquiry  is  begun. 
The  changes  seen  in  action  will  always  be  found  to  have  resulted  from 
some  that  preceded,  and  to  give  place  to  others  that  follow  them. 

At  an  early  time  in  the  earth’s  history,  anterior  to  any  of  the  jieriods 
of  which  a  record  remains  in  the  visible  rocks,  the  chief  sources  of 
geological  energy  probably  lay  within  the  earth  itself.  The  planet  still 
retained  much  of  its  initial  heat,  and  in  all  likelihood  was  the  theatre 
of  great  chemical  changes.  As  it  cooled,  and  as  the  superficial  dis- 
turb^ances  due  to  internal  heat  and  chemical  action  became  less  marked, 
the  influence  of  the  sun,  which  must  always  have  operated,  and  which 
in  early  geological  times  may  have  been  more  effective  than  it  afterwards 
became,  would  then  stand  out  more  clearly,  giving  rise  to  that  wide  circle 
of  surface  changes  wherein  variations  of  temperature  and  the  circulation 
of  air  and  water  over  the  surface  of  the  earth  come  into  play. 

In  the  pursuit  of  his  inquiries  into  the  past  history  and  into  the 
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present  econom7  of  the  ecarth,  the  student  must  needs  keep  his  mind 
ever  open  to  the  reception  of  evidence  for  kinds,  and  especially  for 
degrees,  of  action  -which  he  had  not  before  enco-nntered.  Human  experi¬ 
ence  has  been  too  short  to  allow  him  to  assume  that  all  the  causes  and 
modes  of  geological  change  have  been  definitely  ascertained,  Besides 
the  fact  that  hoth  terrestrial  and  solar  energy  were  once  probably  more 
intense  than  now,  there  may  remain  for  future  discovery  evidence  of 
former  operations  by  heat,  magnetism,  chemical  change,  or  other  agency, 
that  may  ex;plain  phenomena  with  which  geology  has  to  deal.  Of  the 
influences,  so  many  and  profound,  -which  the  sun  exerts  upon  our  planet, 
we  can  as  yet  only  perceive  a  little.  Nor  can  we  tell  what  other 
cosmical  influences  may  have  lent  their  aid  in  the  revolutions  of  geology. 

Much  light  has  been  and  will  assuredly  yet  he  cast  on  this  domain  of 
the  science  hy  experimental  research,  whereby  the  nature  and  results  of 
geological  processes  are  imitated  artificially  as  closely  as  the  conditions 
of  each  problem  will  permit.  Many  of  the  operations  of  nature  proceed 
on  so  gigantic  a  scale  and  under  conditions  so  entirely  different  from  any 
which  we  can  even  approximately  reproduce,  that  in  these  departments 
of  inquiry  little  perhaps  may  be  hoped  for  from  any  experiments.  But 
in  many  other  cases  it  is  possible  to  repeat  with  a  fair  approach  to 
accuracy  the  processes  of  nature,  to  watch  their  progress  and  introduce 
"  many  modifying  influences  -which  help  us  in  some  measure  to  comprehend 
at  once  the  simplicity  and  infinite  complexity  of  nature’s  working.  The 
beginnings  'of  experimental  geology  took  their  rise  towards  the  end  of 
the  eighteenth  cent-ury,  when  De  Saussure  set  himself  to  study  the 
possible  derivation  of  rocks  by  fusing  samples  of  them  and  judging 
whether,  as  had  been  alleged,  some  had  arisen  from  the  melting  of  othersd 
But  the  man  who  first  realised  that  the  processes  of  nature  might 
to  a  considerable  extent  be  imitated  by  man,  and  that  the  validity  of 
geological  theories  might  he  tested  in  the  laboratory,  was  Sir  James  Hall, 
who  described  a  series  of  ingenious  experiments  l)y  which  he  demonstrated 
the  possibility  of  producing  either  a  vitreous  or  a  stony  condition  in  fused 
rocks,  according  to  the  rate  at  which  they  are  allowed  to  cool.  He  like¬ 
wise  succeeded  in  fusing  limestone  without  the  loss  of  its  carbonic  acid, 
and  he  showed  by  a  simple  device  of  layers  of  clay  how  the  plications  of 
the  terrestrial  crust  could  be  accounted  for.- 

Since  Half  s  time  a  century  has  passed  away,  and  much  has  been  done 
in  this  interval  along  the  lines  indicated  by  him,  as  well  as  along  others  which 
the  onward  march  of  science  has  opened  up.  One  of  the  most  illustrious 
of  his  successors  was  the  late  Professor  Daubnie,  whose  researches  have 
greatly  advanced  our  knowledge  of  every  department  of  geological 
dynamics  which  he  undertook  to  investigate.  His  great  work,  ^  G^ologie 
Exp6rimentale,’  in  which  towards  the  end  of  his  distinguished  career  he 
gathered  together  the  chief  results  of  his  labours,  will  ever  remain  a 
classic  in  geological  literature.  Many  other  workers  have  contributed 
their  share  to  experimental  research,  and  to  some  of  their  more  important 

^  ‘Voyages  (Ians  le.s  Alpe.s/  i.  (1779),  ])p.  122-127. 

Tram.  Roy,  Boc.  Ecli%.  v.  (1798),  p.  43  ;  vi.  p.  71 ;  vii.  p.  79  ;  x.  p.  314. 
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papers  reference  will  be  made  in  subsequent  pages.^  But  there  is  still 
room  for  a  much  more  extensive  adoption  of  the  experimental  method. 
Probably  no  branch  of  geology  is  likely  to  make  more  rapid  advances  in 
the  future  than  the  dynamical  department  will  do  by  the  resolute 
endeavour  to  imitate  and  vary  under  different  conditions  every  geological 
process  that  is  capable  of  imitation. 

In  the  present  state  of  knowledge,  all  the  geological  energy  upon  and 
within  the  earth  must  ultimately  be  traced  back  to  the  primeval  energy 
of  the  parent  nebula,  or  sun.  There  is,  however,  a  certain  propriety 
and  convenience  in  distinguishing  between  that  part  of  it  which  is  due 
to  the  survival  of  some  of  the  original  energy  of  the  planet,  and  that 
part  which  arises  from  the  present  supply  of  energy  received  day  ]>y  day 
from  the  sun.  In  the  former  case,  the  geologist  has  to  deal  with  tluj 
interior  of  the  earth  and  its  reaction  upon  the  surface ;  in  the  latter, 
he  is  called  upon  to  study  the  surface  of  the  earth,  and  to  some  extent 
its  reaction  on  the  interior.  This  distinction  allows  of  a  broad  treatment 
of  the  subject  under  two  divisions  ; — 

I.  Hypogene  or  Plutonic  Action — the  changes  within  the  earth, 
caused  by  original  internal  heat  and  by  chemical  action. 

II  Epigene  or  Surface  Action — the  changes  produced  on  the 
superficial  parts  of  the  earth,  chiefly  by  the  circulation  of  air  and  water 
set  in  motion  by  the  sun’s  heat. 

Part  I.  Hypogene  Action, 

All  Inquiry  into  th&  Geological  Changes  in  Progress  leneath  the  Swface 
of  the  Earth. 

In  the  discussion  of  this  branch  of  the  subject,  it  is  useful  to  carry  in 
the  mind  the  conception  of  a  globe  still  intensely  hot  within,  radiating 
heat  into  space,  and  consequently  contracting  in  bulk.  Portions  of 
molten  rock  from  inside  are  from  time  to  time  poured  out  at  the  sur¬ 
face.  Sudden  shocks  are  generated,  by  which  earthquakes  are  propa¬ 
gated  to  and  along  the  surface.  Wide  geographical  areas  are  upraised  or 
depressed.  In  the  midst  of  these  movements,  the  rocks  of  the  crust  are 
fractured,  squeezed,  sheared,  crumpled,  rendered  crystalline,  and  even 
fused. 


Section  i.  Volcanoes  and  Volcanic  Action. ^ 

§  1.  Volcanic  Products. 

The  term  volcanic  action  (volcanism  or  volcanicity)  embraces  all  the 
phenomena  connected  with  the  expulsion  of  heated  materials  from  the 

1  Special  reference  may  Be  made  here  to  the  great  services  rendered  to  this  department 

of  geology  hy  Professor  E.  Reyer  of  Vienna.  For  many  years  he  has  carried  on  a  serie-s  nf 
experiments  in  illustration  of  many  different  geological  processes,  puhlisliing  liis  resnlts  from 
time  to  time  in  a  succession  of  suggestive  memoirs.  Among  his  contributions  are  ‘  Beitra^^ 
znr  Physik  der  Eruptionen/  Vienna,  1877;  '  Theoretisclie  Geologie/  1888:  ^GeoWisclie 
und  Geographische  Experimente,’  1892-94.  ‘  ' 

2  The  student  is  referred  to  the  follcnving  general  works  on  the  phenomena  of  volcanoes  • 
Scrope,  Considerations  6n  Volcanoes,’  London,  1825  ;  ‘Volcanoes,’  London,  2nd  edit.* 
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interior  of  the  earth,  to  the  surface.  Among  these  phenomena,  some 
possess  an  evanescent  character,  while  others  leave  permanent  proofs  of 
their  existence.  It  is  naturally  to  the  latter  that  the  geologist  gives 
chief  attention,  for  it  is  by  tlieir  means  that  lie  can  trace  former  phases  of 
volcanic  activity  in  regions  where,  for  many  ages,  there  have  been  no  vol¬ 
canic  eruptions.  In  the  ‘operations  of  existing  volcanoes  lie  can  observe 
only  superficial  manifestations  of  volcanic  action.  Eut  examining  the 
rocks  of  the  earth’s  crust,  he  discovers  that  amid  the  many  terrestrial 
revolutions  which  geology  reveals,  the  very  roots  of  former  volcanoes 
have  been  laid  bare,  displaying  subterranean  phases  of  volcanism  which, 
cannot  be  studied  in  any  modern  volcano.  Hence  an  acepuaintance  only 
with  active  volcanoes  will  not  alford  a  complete  knowledge  of  volcanic 
action.  It  must  be  supplemented  and  enlarged  by  an  investigation  of  the 
traces  of  ancient  volcanoes  preserved  in  the  crust  of  the  earth.  (Eook 
IV.  Part  VII.) 

The  word  volcano  ”  is  applied  to  a  conical  hill  or  mountain  (com¬ 
posed  mainly  or  wholly  of  erupted  materials),  from  the  summit  and  often 
also  from  the  sides  of  which  hob  vapours  issue,  and  ashes  and  streams 
of  molten  rock  are  intermittently  expelled.  The  term  ‘Volcanic’’  desig¬ 
nates  all  the  phenomena  essentially  connected  with  one  of  these  channels 
of  communication  between  the  surface  and  the  heated  interior  of  the 
globe.  Yet  there  is  good  reason  to  believe  that  the  active  volcanoes  of 
the  present  day  do  not  afford  by  any  means  a  complete  type  of  volcanic 
action.  The  first  effort  in  the  formation  of  a  new  volcano  is  to  find 
egress  for  its  pent-up  vapours,  through  the  earth’s  crust  to  the  outer 
surface.  This  may  l)e  effected  sometimes  by  the  drilling  of  a  funnel  in 
the  crust,  the  materials  of  which  are  violently  expelled  al")ove  ground ; 
at  other  times  by  the  production  of  a  rent  or  fissure  in  the  crust,  through 
some  weaker  part  of  which  the  volcanic  vapours,  lava,  or  ashes  are 
ejected.  In  many  parts  of  the  earth,  alike  in  the  Old  World  and  the 


1872;  ‘Extinct  Volcanoes  of  Central  France,’  LoikIoii,  1858;  “On  Yoloaiiio  Cones  awl 
Craters,”  Q.  J.  G-.  S.  1859.  Daubeny,  ‘A  Desciription  of  J\ctive  a-iid  Extinct  Volcanoes,' 
edit.  London,  1858.  Darwin,  ‘Geological  Observationn  on  Yoleanic  Islaiid.s,’ 

London,  1876.  A.  von  Humboldt,  ‘IJe1)er  den  Ban  und  die  lYirLung  der  Yuikane,’ Beflis,, 
1824.  L.  v'on  Biicli,  “  IJeber  die  Hatur  der  vulkanlschen  Ensclieinimgeu  anf  den  Camri- 
sclien  Inseln,’''  PorjrjencL  Amuden  (1827),  ix. -r.  ;  ““  UeLer  Erhelyuiig.skraterc  niid  Ynlkane/' 
Pof/gend.  (1836),  xxxvii.  E.  A.  von  Hoff,  Veschiclite  der  durcli  tJelxTlieferiing 

nachgewie.senen  natiirliclieii  Veranderiiiigeii  der  Erdoberllache  ’  (part  ii.  “Vulkaiie  uiid 
Erdbeben”),  Gotha,  1824.  C.  W.  0.  Fuchs,  ‘Die  vulkanisclien  Erscliciiiiungeii  dor  Erde,” 
Leipzig,  1865.  li.  Mallet,  “  On  Volcanic  Energy,” /Vo7.  iTra/w.  1873.  J.  Hchmidt,  *  Yulkan- 
stndien,’  Leipzig,  1874.  Sartoriiis  von  Walttirsliausen  and  A.  von  Lasaiilx,  “Der  Aetna, 
4to,  Leipzig,  1880.  E.  Reyer,  ‘Beitrag  zur  riiysik  der  Eruptioiicn,’  Vienna,  1877  ;  ‘Dio 
Eiiganeen  ;  Ban  uiid  Gescliidite  cines  Ynlkanes,’  Vienna,  1877.  Foiupu',  ‘Bantoriii  ct  hos 
Eruptions,’  Paris,  1879.  Judd,  ‘ Volcanoe.s,’  1881.  (4.  Merealli,  ‘Vulcani  e  Fenonitnii 

vnlcanici  ill  Italia,’  Milan,  1883.  Gli.  Yelain,  ‘  Le.s  Voleans,'  Paris,  1884.  d.  I).  Dana, 
‘Characteristics  of  Volcanoes,’  1890.  E.  Hull,  ‘Volcanoe.s  Pant  and  Present,’  1892.  H.  J. 
Jolinstoii-lavis, ‘The  So  ntli  Italian  VLjlcanoes,’  Haplc-s,  1891.  A.  Stiibid,  ‘Die  Yulkaidmrgo 
von  Ecuador,’  Berlin,  1897.  References  will  be  found  in  siieceiMling  page.s  to  other  and 
more  special  memoirs,  and  to  the  literature,  of  different  important  volcanic  eentre.s. 
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New,  there  have  been  periods  in  the  earth’s  history  when  the  crust  was 
rent  into  innumerable  fissures  over  areas  thousands  of  square  miles  in 
extent,  and  when  the  molten  rock,  instead  of  issuing,  as  it  does  at  most 
modern  volcanoes,  in  narrow  streams  from  a  central  elevated  cone,  welled 
out  from  these  rents  or  from  numerous  small  vents  along  their  course, 
and  flooded  enormous  tracts  of  country  without  forming  any  mountain 
or  conspicuous  volcanic  cone  in  the  usual  sense  of  these  terms.  Of  these 

fissure-eruptions,”  apart  from  central  volcanic  cones,  no  examples  appear 
to  have  occurred  within  the  times  of  human  history,  except  in  Iceland, 
where  vast  lava-floods  issued  from  a  fissure  in  1783  (p.  342).  They 
can  best  be  studied  from  the  remains  of  former  convulsions.  Their 
importance,  however,  has  not  yet  been  generally  recognised  in  Europe, 
though  acknowledged  in  America,  where  they  have  been  largely  developed. 
Much  still  remains  to  be  done  before  their  mechanism  is  as  well  under¬ 
stood  as  that  of  the  lesser  and  more  familiar  type  with  which  man  has 
been  acquainted  from  the  earliest  days,  since  it  is  so  well  displayed  in 
Vesuvius,  Etna,  and  the  Lipari  Islands.  In  the  succeeding  narrative  an 
account  is  first  presented  of  the  Vesuvian  type  of  volcano  and  its,  products; 
and  in  §  3,  ii.,  some  details  are  given  of  the  general  aspect  and  character 
of  fissure-eruptions. 

The  openings  by  which  heated  materials  from  the  interior  now  reach 
the  surface  Include  volcanoes  (with  their  various  associated  orifices)  and 
hot  springs. 

The  prevailing  conical  form  of  a  volcano  is  that  which  the  ejected 
materials  naturally  assume  round  the  vent  of  eruption.  In  the  most 
familiar  or  Vesuvian  type,  the  summit  of  the  cone  is  truncated  (Figs. 
38,  44),  and  presents  a  cup-shaped  or  caldron-like  cavity,  termed  the 
crater,  at  the  bottom  of  which  is  the  top  of  the  main  funnel  or  pipe  of 
communication  with  the  heated  interior.  A  volcano,  when  of  small  size, 
may  consist  merely  of  one  cone ;  when  of  the  largest  dimensions,  it 
forms  a  huge  mountain,  with  many  subsidiary  cones  and  many  lateral 
fissures  or  pipes,  from  which  the  heated  volcanic  products  are  given  out. 
Mount  Etna  (Fig.  38),  rising  from  the  sea  to  a  height  of  10,840  feet, 
and  supporting,  as  it  does,  some  200  minor  cones,  many  of  which  are  in 
themselves  considerable  hills,  is  a  magnificent  example  of  a  colossal 
volcano.^  Some  of  the  most  gigantic  volcanoes,  such,  for  instance,  as 
most  of  those  of  Ecuador,  including  the  great  Cotopaxi,  have  no  craters, 
successive  eruptions  taking  place  from  their  flanks. 

^  The  structure  and  history  of  etna  are  fully  described  in  the  great  work  of  SartoriUs 
von  Waltershausen  and  A.  von  Lasaulx  cited  on  p.  263 — a  treasure-house  of  facts  in 
volcanic  geology.  The  bibliography  of  the  mountain  up  to  1891  is  given  in  Dr.  Jolinston- 
Lavis,  ‘The  South  Italian  Volcanoes,'  Naples,  1891.  See  also  G.  F.  Kodwell,  ‘Etna,  a 
History  of  the  Mountain  and  its  Eruptions,’  London,  1878  ;  0.  Silvestri,  ‘XJn  Viaggio  all’ 
Etna,'  1879.  ‘Etna,  Sicilia  ed  isole  volcaniche  adiaceiiti,'  Catania,  1890.  Notices  of  recent 
eruptions  of  the  mountains  will  be  found  in  Nature,  vols.  xix.  xx.  xxi.  xxii.  xxv. 
(observatory  on  Etna,  p.  394),  xxvii.  xlvi.  xlvii.  Iv.  lx.  ;  Compt.  rend,  Ixvi.  The  work  of 
Mercahi,  cited  on  p.  263,  gives  descriptions  of  this  and  the  other  Italian  volcanic  centres.  See 
for  the  eruption  of  1892,  Mercalli,  Att.  Soc.  Ital.  Sci,  Nat  xxxiv.  (1893)  ;  A.  Baltzer, 
Neues  Jakrh,  i.  (1893),  p.  75. 
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The  materials  erupted  from  volcanic  vents  may  be  classed  as  (1) 
gases  and  vapours,  (2)  water,  (3)  lava,  (4)  fragmentary  substances.  A 
brief  summary  under  each  of  these  heads  may  be  given  here  ;  the  share 


taken  by  the  several  products  in  the  phenomena  of  an  active  volcano  is 
described  in  §  2. 

1.  Gases  and  Vapours  exist  dissolved  in  the  molten  magma  within 
the  earth’s  crust.  They  play  an  important  part  in  volcanic  activity,  some 
of  them  showing  themselves  in  the  earliest  and  most  energetic  stages  of 
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It  volcano’s  hfetofy,  while  others  continue  to  issue  from  the  ground  foi" 
centuries  after  all  other  subterranean  action  has  ceased.  By  much  the 
most  abundant  of  them  all  is  water-gas,  which,  ultimately  escaping  as 
steam,  has  been  estimated  to  form  1^^®  whole  cloud  that 

hangs  oyer  an  active  volcano  (Fig.  39).  In  great  eruptions,  steam  rises 
in  prodigious  quantities,  and  is  rapidly  condensed  into  a  heavy  rainfall. 
M.  Fouqud  calculated  that,  during  100  days,  one  of  the  parasitic  cones 
on  Etna  had  ejected  vapour  enough  to  form,  if  condensed,  2,100,000 
cubic  metres  (462,000,000  gallons)  of  water.  The  disastrous  eruptions 
of  St.  Vincent  and  Martinique  in  May  1902  appear  to  have  been  due  to 


Fig.  39.— View  of  Vesuvius  as  seen  from  Naples  during  the  eruption  of  1872,  showing  the  dense 
clouds  of  condensed  aqueous  vapour. 

I 

the  discharge  of  enormous  quantities  of  superheated  steam,  mingled 
probably  with  sulphurous  acid,  and  largely  loaded  with  incandescent 
lava-dust  and  sand,  lapilli  and  scoria.  But  even  from  volcanoes 
which,  like  the  Solfatara  of  Naples,  have  been  dormant  for  centuries, 
steam  sometimes  still  rises  without  intermission  and  in  considerable 
volume.  Jets  of  vapour  rush  out  from  clefts  in  the  sides  and  bottom  of 
a  crater  with  a  noise  like  that  made  by  the  steam  blown  off  by  a  loco¬ 
motive.  The  numlier  of  these  funnels  or  fumaroles is  often  so  large, 
and  the  amount  of  vapour  so  abundant,  that  only  now  and  then,  when 
the  wind  blows  the  dense  cloud  aside^  can  a  momentary  glimpse  be  had 
of  a  part  of  the  bottom  of  the  crater ;  while  at  the  same  time  the  rush 
and  roar  of  the  escaping  steam  remind  one  of  the  din  of  some  vast 
factory.  Aqueous  vapour  rises  likewise  from  rents  on  the  outside  of 
the  volcanic  cone.  It  issues  so  copiously  from  some  flowing  lavas  that 
the  stream  of  rock  may  be  almost  concealed  from  view  by  the  cloud  ;  and 
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IS  believed  to  pass  through  these  successive 
-  “  ’  ’  acid,  and 


2es^^^Sf*^bsSverthat  on  CotopaxC  while  hydrochloric  iicd,  ami 
elen  free  chlorine,  escaped  from  the  summit  of  the  cone,  .sulphuretted 
hydroo-en  and  sulphurous  acid  issued  from  the  middle  and  lowci  • 

Fouqu'd’s  studies  at  Santorin  have  shown  also  that  from  ‘ 

a  similar  order  of  appearance  obtains  among  the  volcanic  vapouis, 
hydrochloric  and  sulphurous  acids  being  only  found  at  points  of 
having  a  temperature  above  100°  C.,  while  carhon-dioxK e,  su  pi 
hydrogen,  and  nitrogen  occur  at  all  the  fumaroles,^  even  where  tlic 
temperature  is  not  higher  than  that  of  the  atmosphere. - 

The  following  are  the  chief  gases  and  acids  evolved  at  volcanic  fiiniarolcs  -  H  ydi  o- 
chloric  acid  is  abundant  at  Vesuvius,  and  probably  at  many  other  vents  whence  it 
has  not  been  recorded.  It  is  recognisable  by  its  ])nngent,  suffocating  fimies,  wlin^h  make 
approach  difficult  to  the  clefts  from  which  it  issues.  Sulphuretted  hydrogen  am 
sulphurous  acid  are  distinguishable  by  their  odours.  The  liability  of  the  fonnet 
eras  to  decomposition  leads  to  the  deposition  of  a  yellow  crust  of  sulphur  ;  occaHiona  y, 
also,  the  production  of  sulphuric,  acid  is  observed  at  active  vents,  brom  observa¬ 
tions  made  at  Vesuvius  in  May  1878,  Mr.  Siemens  concluded  that  vast  quaiitities  ot 
free  hydrogen  or  of  combustible  compounds  of  this  gas  exist  disHolved  in  the 
magma  of  the  earth’s  interior,  and  that  these,  rising  and  exploding  in  the  lunnels  of 
volcanoes,  give  rise  to  the  detonations  and  clouds  of  steam.‘^  At  the  eru}>tKni  of 
Santorin  in  1866,  the  same  gases  were  also  distinctly  recognised  by  Fouque,  who  for  the 
first  time  established  the  existence  of  true  volcanic  flames.  These  were  again  Htudied 
spectroscopically  in  the  following  year  by  Janssen,  who  found  them  to  arise  essentially 
from  the  combustion  of  free  hydrogen,  but  with  traces  of  chlorine,  soda,  aiid^  copper. 
Fouque  deteimined  hy  analysis  that,  immediately  over  the  focus  of  eruption,^  free 
hydrogen  formed  30  per  cent  of  the  gases  emitted,  hut  that  the  proportion  of  this 
gas  rapidly  diminished  with  distance  from  the  active  vents  and  hotter  lavas,  wliilc^at 
the  same  time  the  proportion  of  marsh-gas  and  carbon-dioxide  rapidly  increased.  I  he 
gaseous  emanations  collected  by  him  were  found  to  contain  abundant  frcic  oxygen  as 
well  as  hydrogen.  One  analysis  gave  the  following  re.sults :  carbon-dioxide  0*22, 
oxygen  21T1,  nitrogen  21*90,  hydrogen  56*70,  marsh-gas  0*07  =  100*00.  This  gaseous 
mixture,  on  coming  in  contact  with  a  burning  body,  at  once  ignit(‘S  with  a  sharp 
explosion.  Fouqu4  infers  that  the  water-vapour  of  volcanic  vents  may  exist  in  a  state 
of  dissociation  within  the  molten  magma  whence  lavas  rise.*^  Carbon-dioxidci  rises 
chiefly  (a)  after  an  eruption  has  ceased  and  the  volcano  relapses  into  quiescence  ;  or  (b) 
after  volcanic  action  has  otherwise  become  extinct.  Of  the  former  phase,  instances  are 
on  record  at  Vesuvius  where  an  eruption  has  been  followed  by  the  emission  of  this  gas 
so  copiously  from  the  ground  as  to  suffocate  hundreds  of  hares,  pheasants,  and  partridges. 
Of  the  second  phase,  good  examples  are  supplied  by  the  ancient  volcanic  regions  of  the 
Eifel  and  Auvergne,  where  the  gas  still  rises  in  prodigious  quantities.  Biscli of  estimated 
that  the  volume  of  carbonic  acid  evolved  in  the  Brohl  Thai  amounts  to  5,000,000  cubic 


steam  with  chloride  of  ammonium.  4.  Cold  fumaroles  ;  temperature  below  100'' C.,  with 
nearly  pure  steam,  accompanied  by  a  little  carbon-dioxide,  and  sometimes  sulphuretted 
hydrogen.  5.  Mofettes  ;  emanations  of  carbon-dioxide  with  nitrogen  and  oxygen,  marking 
the  last  phase  of  volcanic  activity. 

^  Neues  Jahrh.  1878,  p.  164. 

^  ‘Santorin  et  ses  Eruptions,’  Paris,  1879  ;  W.  Libbey,  Amer.  Jouni,  Sci.  xlvii.  (1894), 
p.  371. 

®  MonaUh.  K.  PreTiss.  Akad.  1878,  p.  588. 

^  Fouqu^,  ‘  Santorin  et  ses  Eruptions,  ’  p.  225. 
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feet,  or  300  tons  of  gas  in  one  day.  [Nitrogen,  derived  perhaps  from  the  decomposi¬ 
tion  of  atmospheric  air  dissolved  in  the  water  whicli  penetrates  into  the  •volcanic  foci, 
has  been  frequently  detected  among  the  gaseous  emanations.  AtSaiitorin  it  was  found 
to  form  from  4  to  88  per  cent  of  the  gas  obtained  from  different  fumaroles. ^  Fluorine 
and  iodine  have  likewise  been  noticed.  Yaponrs  of  sulphur  and  boric  acid  prevail 
at  Tulcano.  Seleiiinni  is  found  as  a  sulphur  selenide  at  the  vent  ofVulcano,  and  was 
detected  together  with  iodine  and  bromine  in  the  fumaroles  of  the  Vesiivian  eruption  of 
July  1895.^  The  fumaroles  ofTnlcano  have  been  carefully  studied  by  A.  Cossa  and  other 
chemists,  with  the  result  of  showing  a  series  of  at  least  tAveiity  elements  and  coinbiiui- 
tions  of  elements  which,  besides  those  Just  named,  inc.lude  chlorides  of  sodium,  ainnio- 
ninm  and  iron,  sulphate  of  lithium,  glaiiberite,  alum  containing  thallium,  ruhidiiim  and 
csesiiim,  hieratite  (a  compound  of  fluorides  of  potassium  and  silicon),  realgar,  tellurium, 
cobalt,  zinc,  tin,  bismuth,  lead,  cop])er  and  phosphorus.'’’ 

With  the  volcanic  gases  and  vapours  are  associated  many  substances  which,  sublimed 
by  the  volcanic  heat  or  resulting  from  reactions  among  the  escaping  vapours,  apjjear  as 
Sublimates  along  crevices  wherein  they  reach  the  air  and  are  cooled.  Besides 
sulphur,  there  are  several  chlorides  (particularly  that  of  sodium,  and  less  abund¬ 
antly  those  of  potassium,  iron,  copper  and  lead)  ;  also  free  sulphuric  acid,  sal- 
aininoniac,  specular  iron,  oxide  of  copper,  boracic  acid,  alum,  sulphate 
of  lime,  felspars,  poyroxene  and  other  substances.  Carbonate  of  .soda  occurs  in 
large  (quantities  among  the  fumaroles  of  Etna.  Sodium -chloride  sometimes  appears  so 
abundantly  that  wide  spaces  of  a  volcanic  cone,  as  well  as  of  the  newly  erupted  lava, 
are  crusted  with  .salt,  which  can  even  be  profitably  removed  by  the  inhabitants  of  the 
district.  Considerable  quantities  of  chlorides,  fcc.,  may  thus  be  buried  hetwccii  suc¬ 
cessive  sheets  of  lava,  and  in  long  suhsequeiit  times  may  give  rise  to  mineral  springs, 
as  has  been  suggested  with  reference  to  the  saline  waters  which  issue  from  volcanic  rocks 
of  Old  Eed  Sandstone  and  Carboniferous  age  in  Scotland.^  The  iron- chloride  form.s  a 
bright  yellow  and  reddish  crust  on  the  crater  walls,  as  well  as  on  loose  stones  on  the 
slopes  of  the  cone.  iSpecular  iron,  from  the  decomposition  of  iron -chloride,  form.s 
abundantly  as  thin  lamella!  in  the  fissures  of  Vesuviaii  lavas.  In  the  spring  of  1873 
the  author  observed  delicate  brown  filaments  of  tenorite  (copq)er-o.\;ide,  OuO)  forming  in 
clefts  of  the  crater  of  Vesuvius.  They  were  upheld  by  the  upstreaming  ciirreiit  of 
vapjour  until  blown  ofT  hy  the  wind.  Professor  Foiuqud  has  described  tubular  vents  in 
the  lavas  of  Santorin  with  crystals  of  anorthite,  sphene,  and  jiyroxene,  fonued  hy  sub¬ 
limation.  Ill  the  lava  .stalactites  of  Hawaii  noedle-like  fibre.s  of  breislakite  abound. 
M.  Lacroix  has  detected  in  a  long-extinct  fuinarole  at  Royat  iu  Auvergne  crystals  of 
Inematite,  biotite,  augite,  labradorite,  aiidesiiie  and  anortliose,  and  has  pointed  out  that 
the  elements  of  these  silicates  have  been  mainly  supplied  by  the  rocks  on  which  they 
have  crystallised,  under  the  influence  of  the  volcanic  vapours.*'' 

The  various  vapours  and  gases  emitted  at  active  volcanic  vents  not  only  act 
corrosively  on  the  rocks  through  which  they  pass  (y906te,  p.  313),  but  from  time  to  time 
injuriously  affect  the  vegetation  for  some  distance  around.  Thus  at  Vesuviu.s,  where 
large  volumes  of  steam  are  given  off,  charged  with  hydrochloric  acid,  the  condensation 
of  this  steam  or  the  p)assage  of  rain  through  it  brings  down  the  acid  to  the  gram  id, 
seriously  damaging  corn,  vines,  and  otlier  vegetation  on  the  .slap<\s  of  the  mountain. 
Moreover,  the  wind  sometimes  carries  the  deleterbus  moisture  far  over  the  country.  In 

^  Ponqins  he.  at.  It  was  found  to  cnristitute  73 ’53  per  cent  of  tlie  gas  at  the*  brotta  di 
S.  Gerniario  in  the  crater  of  Agiiaiio  near  N"aple.s.  8ainte-Ckire  Deville  and  Lehlanc,  op.  alt. 

"  E.  V.  Matteucci,  Rend.  Acad.  NaxMi,  1897.  Nature^  Ivi.  p.  472.  lii  the  eruption  of 
1900,  salaiiinioniac  was  detected  by  the  same  ohserver.  Coiiipt.  read,  cxxxi.  (1900),  p.  964. 

^  A.  Cossa,  Acad.  Limei  (3),  ii.  1878. 

Proc.  Hoy.  Soc.  Mdin.  ix.  p.  367. 

Comx^t.  rend.  May  1898. 
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tKe  sprijig  of  1902,  for  example,  the  young  shoots  of  the  hazel-trees  were  entirely  destroyed 
at  Palma,  a  distance  of  twelve  miles  from  the  crater.  Again,  at  Saiitorin  it  was  observed 
during  the  eruption  of  June  1866  that  wliile  the  fall  of  dry  volcanic  dust  did  not 
sensibly  affect  the  vegetation,  injury  be(tame  serious  when  rain  fell  with  the  dust,  the 
vines  along  the  track  of  the  smoke-tdoud  being  then  withered  up,  as  if  they  had  been 
burnt.  ^ 

In  reference  to  the  gases  and  vapours  given  off  at  volcanic  vents  it  is  interesting  to 
observe  that  some  of  the  more  fre(pient  and  important  of  them  are  precisely  those  wliich 
till  the  minute  pores  of  volcanic  and  plutonie  rocks  of  all  ages  {((.ntc,  ]>.  142),  and  wliich 
appear  to  have  been  largely  elFective  in  the  ])roeesseH  of  crystallisation  and  differentiation 
of  igneous  magmas.  They  w'erc  named  long  ago  “  mineralising  agents”  l)y  Klie  de 
Beaumont,  whose  views  as  to  their  importance  have  been  confirmed  by  later  research. 
All  the  emanations  and  suhlimations  that  accompany  the  uprise  of  eripffive  rocks  have 
been  grouped  under  the  general  term  “  pneuinatolitic.”- 

Atteiition  may  he  directed  here  to  M..  Moissan’s  important  researches  into  the  com¬ 
binations  of  metals  with  ciirbon,  which  have  brought  to  light  some  suggestivi^  facts  in 
regard  to  this  subject.  He  has  succeeded  in  forming  artiheially  a  large  series  of  metallic 
carbides,  one  class  of  which  is  readily  decomposed  by  cold  water,  yielding  various 
gaseous  or  lii^uid  hydrocarbons.  Thus  ahiminiuni  dissolves  carbon,  and  in  contaiff,  with 
water  yields  alumina  and  pure  marsh-gas  or  fire-damp.  The  association  of  mineral  oil, 
marsh-gas,  and  other  hydrocarbons  and  of  carbonic  aeid  in  old  volcanic  districts  may 
thus  point  to  the  continuous  decomposition  of  such  carbides  by  acci'ss  of  water.  M. 
Moissan  suggests  that  some  explosive  vohianie  phenomena  irniy  even  be  due  to  the  same 
cause.  The  latest  emanations  from  waning  vents  might  range  from  asphalt  and  mineral 
oil  up  to  the  most  complete  oxidation  in  carbonic  aeidJ* 

2.  Water. — Abundant  dischargcH  of  water  accompany  some  volcanic 
explosions.  Three  sources  of  this  water  may  he  assigned :—(] )  from 
the  melting  of  snow  by  a  rapid  accession  of  temperature  previous  to  or 
during  an  eruption;  this’  takes  place  from  time  to  time  on  Etna,  in 
Iceland,  and  among  the  snowy  ranges  of  the  Andes,  where  the  cone  of 
Cotopaxi  is  said  to  have  been  entirely  divested  of  its  snow  in  a  single 
night  hy  the  heating  of  the  mountein;  (2)  from  the  condensation  of  tlie 
vast  clouds  of  steam  which  are  discharged  during  an  eruption ;  this 
undoubtedly  is  the  chief  source  of  the  destructive,  torremts  so  freipiently 
observed  to  form  part  of  the  phenomena  of  a  great  volcanic  explosion ; 
and  (3)  from  the  disruption  of  reservoirs  of  water  filling  subterranean 
cavities,  or  of  lakes  occupying  crater-basins ;  this  has  several  times 
been  observed  among  the  South  Americ^iii  volcanoes,'^  where  immense 
quantities  of  dead  fish,  which  inhabited  the  water,  have  ])(^en  swept 
down  with  the  escaping  torrents.  The  volcano  of  Agua,  in  Guatemala, 
received  its  name  from  the  disruption  of  a  crater-lake  at  its  summit 
hy  an  earthquake  in  1540,  whereby  a  vast  and  destructive  debacle  of 


^  Fouqu^^,  ‘  Santorhi,  ’  p.  81. 

^  Prof.  Brogger  incliulcs  under  tluH  term  the  miuenils  pr()<huu'.(l  hy  tint  miuemlising 
agents,  whether  within  the  magma  itself  or  in  iissiires  or  crevices  among  the  surroinuling  roeks. 
^  Lroc.  Roy.  Soc.  lx.  (1897),  p.  156  ;  and  po.nfea,  p.  857. 

^  On  SOUTH  AMERICAN  volcaiiOBH  see  the  early  desc.rijdifms  in  IIumholdt’H  ‘OoKinos’;  also 
the  work  of  Stiibel  on  Ecuador,  cited  oil  p.  263 ;  Hettner,  Retf.rmKit  fiHAIUtli.  Eryihn::.  No.  104 ; 
■  H.  Berger,  at.  xxxvii.  p.  246  ;  Moerike,  op.  df.  xl.  p.  142  ;  Nogucs,  ffojupf.  mid.  cxviii. 
p.  372  ;  Whyrnper’s  ‘  Travels  airioiig  tlie  Great  Aiide.s.’ 
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water  was  discharged  down  the  slopes  of  the  mountain.^  In  the 
beo-inning  of  the  year  1817  an  eruption  took  place  at  the  large  crater 
of  one  of  the  volcanoes  of  fJava,^  whereby  a  steaming  lake  of  hot 

acid  water  was  discharged  with  frightful  destruction  clown  the  slopes  of 
the  mountain.  After  the  explosion,  the  basin  filled  again  with  water, 
but  its  temperature  was  no  longer  high. 

In  many  cases,  tlie  water  rapidly  collects  volcanic  dust  as  it  rushes  down,  and  soon 
becomes  a  pasty  mud  ;  or  it  issues  at  first  in  this  condition  from  the  volcanic  reservoirs 
after  violent  detonations.  Hence  arise  what  are  termed  mud -lavas,  or  aqueous 
lavas,  which  in  many  respects  behave  like  true  lavas.  This  volcanic  mud  eventually 
consolidates  into  one  of  the  numerous  forms  of  tuff,  a  rock  which,  as  has  been  already 
stated  (p.  172),  varies  greatly  in  the  amount  of  its  coherence,  in  its  composition,  and  in 
its  internal  arrangement.  Obviously,  unless  where  subsequently  altered,  it  cannot 
possess  a  crystalline  structure  like  that  of  true  lava.  As  a  rule,  it  lie  trays  its  aqueous 
origin  by  more  or  less  distinct  evidence  of  stratification,  by  the  multifarious  pebbles, 
stones,  blocks  of  rock,  tree-trunks,  branches,  shells,  bones,  skeletons,  &c.,  which  it  has 
swept  along  in  its  course  and  preserved  within  its  mass.  Sections  of  this  compacted  tulf 
may  he  seen  at  Herculaneum.  The^mss'of  the  Hrohl  Thai  and  other  vall(‘,ys  in  the 
EifeH  district,  referred  to  on  p.  175,  is  another  example  of  an  ancient  volcanic  mud. 


1  For  an  account  of  this  niouiitain  see  Iv.  v.  Seehach,  Ahli,  llTs’s-.  (lotfiufjen^ 

xxxviii.  (1892),  p.  216.  For  descrijjtions  of  the  volcanoes  of  (’KNTRAn  ameiuoa  consult 
Humboldt’s  ‘Cosmos’;  Felix  and  Lenk,  ‘JBeitriige  zur  Geologic  nnd  Paliioiitologie  der 
Repuhlik  Mexico,’  Leipzig,  1890;  Sapper,  “Die  sudlichsteii  Vulkaue  Mittel -Americas,’ 
Z.  D.  Of.  G.  xliii.  p.  1 ;  xlv.  pp.  56,  574 ;  A.  Dollfuss  and  E.  de  Montserrat,  ‘  Voyage  genlogique 
dans  les  Republiques  de  Guatemala  et  San  Salvador,’  Paris,  1868.  K.  von  Seehac-h,  Af>h..  K. 
Qes.  Gottingen,  xxxviii.  (1892).  E.  Ordonez,  “  Les  Voleans  <lu  Valle  de  Santiago,”  Afeui. 
Soc.Alzate,  xiv.  (1900),  p.  299;  ibid.  xi.  (1898),  p.  325;  “Expedieion  eientilica  al  Pojiocaia- 
petl,”  Co'mmiss.  Geol.  Mexico,  1895;  M.  Bertrand,  ‘Plieiiomciies  volcaniiines  et  treniblemonts 
de  terre  de  I’AnieTique  centrale,’  4to,  Paris,  1900  ;  Gosling,  9.  ./.  G.  liii.  (1897),  ]).  221. 

-  For  the  volcanoes  of  the  east  indies,  Junghuliu’s  ‘Java.’  Suuda  Island  and  Moluccas, 
F.  Sebeider,  Jahrb.  Geol.  Reichsanst.,  Vienna,  xxxv.  (1885),  p.  1 ;  also  the  works  on  Krakaloa 
quoted  on  p.  290.  On  volcanic  action  in  Batavia,  NdturcO.  (1894),  p.  620  ;  Wichniauii,  Tijdscli.. 
Nederland.  Aardr.  Gen.  1890,  1891,  1892,  1898  ;  1).  U.  G.  1893,  p.  542  ;  1897,  p.  152  ; 

1900,  p.  640.  Professor  Wichmann  has  shown  reason  to  believe  that  the  mud  eniptimi  said 
to  have  been  discharged  by  the  G-unimg  Salak  in  Java  in  the  year  1699  was  really  tlu‘  resnlt 
of  landslips  cau.sed  by  a  severe  earthquake.  Neaen  Jahrb.  1896,  ii. 

Mallet  thought  that  the  so-called  “  imiil -lavas  ”  of  Herculaneum  and  Pompeii  were  not 
aqueous  deposits  {Joiirn.  Roy.  Geol.  Soc.  Ireland,  vi.  (1876),  j).  144).  But  there  seom.s  no 
reason  to  doubt  that  while  an  enormous  amount  of  ashes  fell  during  the  eruption  of  a.u.  79, 
there  were  likewise,  especially  in  the  later  phases  of  eruption,  tiopious  torrents  of  water 
that  mingled  with  the  fine  ash  and  became  “mud-lavas.”  The  Hharjmess  of  outline  and  the 
absence  of  any  trace  of  abdominal  distension  in  the  moulds  of  the  human  bodies  found  at 
Pompeii,  probably  show  that  these  victims  of  the  catastrophe  were  rapidly  e.nveloped  in  a 
firm  coherent  matrix  which  could  hardly  have  been  mere  loose  dust.  See  H.  J.  Johnston- 
Lavis,  Q.  J.  G.  S.  xl.  p.  89.  The  .solid  tuff  which  filled  the  theatre  at  Herculaneum,  ami 
which  has  been  partially  excavated  underground,  has  enclosed  pieces  of  Homan  potterv'. 

^  For  works  on  the  eifel  district  consult  Hibbert,  ‘  History  of  the  Extinct  Volcanoes  of 
the  Basin  of  Nenwded  on  the  Lower  Rhine,’  Edin.  1882.  Von  Decheti,  ‘  Geoguo.stiHclic*r 
Fiihrer  zu  dem  Laacher  See,’  Bonn,  1864  ;  ‘  Geognostischer  Fiihrer  in  das  Sic,b(!ng(!l)irge  am 
Rhein,’  Bonn,  1861.  Vogelsang,  “  Viilkaiie  der  Kifel,”  Nei/es  Jahrb.  1870,  pj).  199,  326, 
460.  H.  Behren.s,  Ann.  Ecole yalyt.  Deljl,  1888,  pj).  134-1 4<8. 
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3.  Lava. — Tlie  term  lava  is  applied  generally  to  all  the  molten  rocks 
of  volcanoes.^  The  use  of  the  word  in  this  broad  sense  is  of  great  con¬ 
venience  in  geological  descriptions,  by  directing  attention  to  the  leading 
character  of  the  rocks  as  molten  products  of  volcanic  action,  and  obviat¬ 
ing  the  confusion  and  errors  v^hich  are  apt  to  arise  from  an  ill-defined  or 
incorrect  lithological  terminology.  Precise  definitions  of  the  rocks,  such 
as  those  above  given  in  Book  II.,  can  be  added  when  req[uired.  A  few 
remarks  regarding  some  of  the  general  lithological  characters  of  lavas 
may  be  of  service  here;  the  behaviour  of  the  rocks  in  their  emission 
from  volcanic  orifices  will  be  described  in  §  2. 

While  still  flowing  or  not  yet  cooled,  lavas  differ  from  each  other  in  the  extent  to 
which  they  are  impregnated  with  gases  and  vapours.  Some  appear  to  be  saturated, 

5  others  contain  a  much  smaller  gaseous  impregnation;  and  hence  arise  important  dis¬ 
tinctions  in  their  behaviour  (pp.  296-308).  They  further  differ  in  viscosity  or  liquidity, 
the  acid  kinds  being  generally  more  viscous  than  the  basic,  so  that  the  latter,  other 
things  being  equal,  flow  farthest  and  spread  out  most  widely.  After  solidification, 
lavas  present  some  noticeable  characters,  then  easily  ascertainable.  (1)  Their  average 
specific  gravity  may  be  taken  as  ranging  between  2*37  and  3*22.  (2)  The  heavier  (basic) 

varieties  contain  much  magnetic  or  titaniferous  iron,  with  augite  and  olivine,  their  com¬ 
position  being  basic,  and  tlieir  proportion  of  silica  averaging  about  45  to  55  per  cent. 
In  this  group  come  the  basalts,  nepheline-lavas,  and  leiicite-lavas.  The  lighter  (acid) 
varieties  contain  commonly  a  minor  proportion  of  metallic  bases,  but  are  rich  in  silica, 
their  percentage  of  that  acid  ranging  betw'een  70  and  75.  Among  their  more  important 
varieties  are  the  rhyolites  and  obsidians.  Intermediate  varieties  (trachytes,  ])hono- 
lites,  and  andesites)  connect  these  two  series.  (3)  Lavas  differ  mucli  in  structure  and 
texture,  {a)  Some  are  entirely  crystalline,  consisting  of  an  interlaced  mas.s  of  crystals 
and  crystalline  particles,  as  in  some  dolerites  and  granitoid  rhyolites.  Even  quartz, 
which  used  to  be  considered  a  non- volcanic  mineral,  characteristic  of  the  older  and 
chiefly  of  the  plutonic  eruptive  rocks,  has  been  observed  in  large  crystals  in  modern  lava 
(liparite  and  quartz-andesite-),  {b)  Some  show  more  or  less  of  a  half-glasvsy  or  stony 
(devitrified)  matrix,  in  which  the  constituent  crystals  are  imbedded  ;  this  is  the  most 
common  arrangement,  (c)  Others  are  entirely  vitreous,  such  crystals  or  crystalline 
particles  as  occur  iu  them  being  quite  subordinate,  and,  so  to  speak,  accidental  en¬ 
closures  ill  the  main  glassy  mass.  Obsidian  or  volcanic  glass  is  the  type  of  this  group, 
(i^)  They  further  differ  in  the  extent  to  which  minute  pores  or  larger  cellular  spaces 
have  been  developed  in  them.  According  to  Biscliof,  the  porosity  of  lavas  depends  on 
their  degree  of  liquidity,  a  porous  lava  or  slag,  when  reduced  in  his  fusion-experiments 
to  a  thin-flowing  consistency,  hardening  into  a  mass  as  compact  as  the  densest  lava  or 
basalt.*^  But  probably  a  rnueh  more  effective  influence  in  producing  this  structure  is 
that  of  the  amount  of  absorbed  vapours  and  gases.  The  presence  of  interstitial  steam  in 
lavas,  by  expanding  the  still  molten  stone,  produces  an  open  cellular  texture,  somewhat 
like  that  of  sponge  or  of  bread.  Such  a  vesicular  arrangement  very  commonly  appears 
on  the  upper  surface  of  a  lava  current,  which  assumes  a  slaggy  or  eindery  aspect.  In 
some  forms  of  pumice  the  proportion  of  air  cavities  is  8  or  9  times  that  of  the  enclosing 
glass,  (4)  Lavas  vary  greatly  in  colour  and  general  external  aspect.  The  heavy  basic 


^  “Alles  ist  Lava,  was  im  Vulkan  fliesst  und  diirch  seine  Pllissigkeit  ueue  Lagerstlitter 
eiiinimint,”  is  Leopold  von  Buch’s  comprehensive  definition. 

2  Wolf,  Mues  Jahrh.  1874.  p.  377. 

2  ‘Chem.  und  Pbys.  GeoL’  supp.  (1871),  p.  144.  On  the  production  of  the  vesicular 
structure  consult  Dana,  ‘  Characteristics  of  Volcanoes,’  p.  161.  Compare  also  Judd,  (hoi. 
Mag.  1888,  p.  7. 
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Icinds  are  usually  dark  grey,  or  almost  black,  though,  on  cKposure  to  the  weather,  they 
acquire  a  brown  tint  from  the  oxidation  and  hydration  of  their  iron.  Their  surface  is 
commonly  rough  and  ragged,  until  it  has  been  sufficiently  decomposed  by  the  atmo¬ 
sphere  to  crumble  into  soil  which,  under  favourable  circumstances,  supports  a  luxuriant 
regetatioir.  The  less  dense  lavas,  such  as  phonolites  and  trachytes,  are  frequently  paler 
ill  colour,  sometimes  yellow  or  butf,  and  decompose  into  light  soils  ;  hut  the  obsidians- 
present  rugged  black  sheets  of  rock,  often  roughened  with  ridges  and  heaps  of  grey  froth¬ 
like  pumice.  Some  of  the  most  brilliant  surfaces  of  colour  in  any  rock-scenery  on  tho 
globe  are  to  be  found  among  volcanic  rocks.  The  Avails  of  active  craters  gloAv  with  end¬ 
less  hues  of  red  and  yellow.  The  Grand  Cahon  of  the  YelloAvstone  Eiver  has  been  dug 
out  of  the  most  marvellously  tinted  lavas  and  tuffs. 

4.  Fragmentary  Materials. — Uader  this  title  may  be  included  all 
the  substances  wMcb,  driven  up  into  the  air  by  volcanic  explosions,  fall 
ill  solid  form  to  the  ground — the  dust,  ashes,  sand,  cinders,  and  blocks 
of  every  kind  which  are  projected  from  a  volcanic  orifice.^  These 
materials  differ  in  coinjposition,  texture,  and  appearance,  even  during 
a  single  eruption,  and  still  more  in  successive  explosions  of  the  same 
volcano.  For  the  sake  of  convenieuce,  separate  names  are  applied  to 
some  of  the  more  distinct  varieties,  of  which  the  following  may  be 
enumerated  : — 

(1)  Ashes  and  dust — In  many  eruptions,  vast  (quantities  of  an  exceedingly  fine 
light  grey  powder  are  ejected.  As  this  substance  greatly  resembles  Avliat  is  left  after  a 
piece  of  wood  or  coal  is  burnt  in  an  open  fiire,  it  has  been  pjopiilarly  termed  as7i,,  and  this 
name  has  been  adopted  by  geologists.  If,  however,  by  the  Avord  ash,  the  result  of  com¬ 
bustion  is  implied,  its  employment  to  denote  any  product  of  volcanic  action  must  he 
regretted,  as  apt  to  convey  a  wrong  impression.  The  fine  ash-like  dust  ejected  by  a 
volcano  is  merely  lava  in  an  extremely  fine  state  of  comminution.  8o  minute  are  the 
particles  that  they  find  their  way  readily  through  the  finest  chinks  of  a  closed  room,  and 
settle  down  upon  floor  and  furniture,  as  ordinary  dust  doc.s  Avben  a  house  is  shut  up. 
From  this  finest  form  of  material,  gradations  may  he  traced,  through  what  is  termed 
v^olcanic  sand,  into  the  coarser  varieties  of  ejected  matter.  In  composition,  the  ash  and 
sand  vary  necessarily  with  the  nature  of  the  lava  from  which  they  are  derived.  Their 
microscopic  strncture,  and  especially  their  abnndaut  inicrolitos,  crystals,  and  volcanic 
glass,  have  been  already  referred  to  (pp.  17^-175).  At  first  the  volcanic  jjarticles 
have  the  temperature  of  the  molten  rock  from  Avhich  they  are  discharged,  and  they  may 
reach  the  ground  when  still  at  a  red  heat.  It  was  a  descending  cloud  of  such' intensely 
hot  material  which,  mingled  with  superheated  steam  and  other  va})Ours,  charred  and 
ignited  combustible  objects  during  the  disastrous  erii])tion  at  Martinique  in  May  1902. 

In  their  passage  through  the  air  to  a  distance  from  the  vent  of  eruption  these  fine 
materials  undergo  a  process  of  sifting,  the  larger  and  lieavier  particles  descending  first 
to  the  ground,  while  the  smallest  and  lightest  are  carried  fartheBt.  Mattcucci  has  noticed 
this  fact  in  the  prop)ortion  of  magnetite  found  in  the  dust  ejected  from  Vesuvius  accord¬ 
ing  to  increase  of  distance  from  the  centre.^ 

(2)  Laipilli  (p.  172)  are  ejected  fragments  of  lava,  ranging  from  the  sixe  of  a  pea 
to  that  of  a  Avalniit;  round,  siibangular,  or  angular  in  slmpii,  and  having  the  same 
indefinite  range  of  composition  as  the  finer  dust.  As  a  inile,  the  larger  p)ieces  fall 
nearest  the  focus  of  eruption.  Sometimes  they  arc  solid,  but  more  usually  have  a 
cellular  texture,  while  .sometimes  they  so  light  and  porous  as  to  float  readily  on 


^  The  student  will  find  a  classification  and  deserqitioii  of  the  fragmentary  material 
ejected  from  Vesuvius  during  the  exi)lo.sK'e  eruption  of  April-May  1900  in  JhU.  *Snc.  ^Sisvi. 
Ital.  voL  vi.  IhlL  jSVjc.  HLr/n.  /hfl.  vol.  vi. 
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water,  and,  when  ejected  near  the  sea,  to  cover  its  surface.  Well- formed  crystals  occur 
in  the  lapilli  of  many  volcanoes,  and  are  also  ejected  separately.  It  has  been  observed 
indeed  that  the  fragmentary  materials  not  infrequently  contain  finer  crystals  than  the 
accompanying  lava.^  Lapilli  may  be  largely  derived  from  the  disruption  of  more  or 
less  cooled  and  consolidated  lava  in  the  volcanic  chimney,  such  as  the  crust  of  congealed 
rock  upon  the  crater  floor. 

(3)  Scoriae. — the  rugged  clinker-like  lumps  that  form  on  the  surface  of  molten 
lava  when  exposed  to  the  air  and  distended  by  the  expansion  of  its  imprisoned  vapour. 
These  masses  are  sometimes  ejected  in  great  numbers  from  the  lava  in  the  chimney  of 
a  volcanic  vent,  partly  falling  back  into  the  crater  and  partly  down  the  outside  of  the 
cone.  The  term  “slag”*-^  (from  the  waste  products  of  iron  furnaces  and  glass-works)  is 
often  applied  to  one  of  these  rough,  irregular,  porous  fragments. 

(4)  Volcanic  Bombs. — These  have  originally  formed  portions  of  the  column  of 
molten  lava  ascending  the  pipe  of  a  volcano,  and  have  been  detached  and  huided  into 
the  air  by  successive  explosions  of  steam.  They  are  round,  elliptical,  or  ])ear-shaped, 


Fig.  40. — Section  of  Volcanic  Bomb,  one-third  natural  size. 


often  discoid al,  from  a  few  inches  to  several  feet  in  diameter  ;  sometimes  tolerably 
solid  throughout,  more  usually  coarsely  cellular  or  pumiceous  inside  (Fig.  40).  Not 
infrequfently  the  interior  is  hollow,  and  the  bomb  then  consists  of  a  shell  which 
is  most  close-grained  towards  the  outside,  or  the  centre  is  a  block  of  stone  with  an 
external  coating  of  lava.  One  class  of  the  bombs  from  Etna  contains  a  nucleus  of 
quartzose  sandstone  broken  off  from  strata  within  the  crust,  impregnated  with  vitreous 
material  and  crusted  over  with  a  coating  of  black  scoriaceous  olivine-bearing  ])yroxei]ic 
lava.^  The  bombs  from  the  last  eruption  of  the  island  of  Vulcano  were  ellipsoidal 
pieces  of  pumice,  with  an  outer  and  inner  vesicular  glassy  .skin  about  half  an  inch 
thick,  which  from  its  cracks  and  cellular  condition  has  suggested  the  appellation, 
''bread-crust  .structure.”'^  Some  of  these  bombs  w^ere  of  great  size,  ranging  from 

^  Sartorius  von  Waltershausen,  ‘Sicilien  und  Island,’  1853,  p.  328. 

^  On  the  ratio  between  the  pores  and  volume  of  the  rock  in  slags  and  lavas,  see 
determinations  by  Bischof,  ‘Chem.  und  Phys.  Geoh’  supp.  (1871),  p.  158. 

^  The  types  of  bombs  discharged  by  Etna  are  described  by  Messrs.  Duparc  and  Mrazec, 
Arch,  JSgi.  Phys.  JYat,  Geneva,  xxix.  (1893),  p.  256. 

^  Dr.  Johnston- Lavis,  Proc.  Geol.  Assoc,  xi.  (1890),  p.  390.  The  Vesuvian  bombs  arB 
described  by  Matteucci,  Boll.  Soc.  Sism.  Ital.  vi.  p.  45  of  reprint. 
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one  to  six  metres  in  diameter,  one  actually  reacliiiig  tlie  dimensions  t>  x  5  x  1  metres, 
and  thus  containing  about  25  cubic  metres  and  weighing  nearly  68  tons.  ^  There  can 
be  no  doubt  that,  when  torn  by  eructations  of  steam  from  the  surface  of  the  boiling 
lava,  the  material  of  the  bombs  is  in  a  thoroughly  molten  condition.  From  the  rotatory 
motion  imparted  by  its  ejection,  it  takes  a  circular  form,  and  in  proportion  to  its 
rapidity  of  rotation  and  fluidity  is  the  amount  of  its  ‘ ‘ flattening  at  the  poles.*’  The 
centrifugal  force  within  allows  the  expansion  of  the  interstitial  vapour,  while  the  outoi 
surface  rapidly  cools  and  solidifies ;  hence  the  more  close-grained  crust,  and  the  more 
porous  or  cavernous  interior.  Bombs,  varying  from  the  size  of  an  appde  to  that  of  a 
man’s  body,  were  found  by  Darwin  abundantly  strewn  over  tbe  ground  in  the  island 
of  Ascension;  they  were  also  ejected  in  vast  uan  tit  ies  during  the  eruption  of  Santoriu 
in  1 866.**“  Among  the  tuffs  of  the  Eifel  region,  small  bombs,  consisting  mostly  of  granular 
olivine,  are  of  common  occurrence,  as  also  pieces  of  sanidineor  other  less  fusible  minerals 
winch  have  segregated  out  of  the  magma  before  ejection.  In  like  manner,  among  the 
tuffs  Ailing  volcanic  necks,  probably  of  Permian  age,  which  pierce  the  Oarboniforous 
rocks  of  Fife,  large  worn  crystals  of  ortlioclase,  biotite,  &c.,  are  foiind-“’ 

(5)  Tolcanic  Blocks  are  larger  pieces  of  stone,  often  angular  in  shape.  In  soiue 
cases  they  appear  to  be  fragments  loosened  from  already  solidified  rocks  in  the  chimney 
of  the  volcano.  Hence  we  find  among  them  pieces  of  non-voleanie  rocks,  as  well  as  of 
older  tuffs  and  lavas  recogiiisably  belonging  to  early  eruptions.  In  many  cases,  tli(3y 
are  ejected  in  enormous  cpiantities  dui’ing  the  early  phases  of  violent  cru])ti()3i.  TIkj 
great  explosion  from  the  side  of  Ararat  in  1840  was  accompanied  by  the  disclnirgci  of  a 
vast  quantity  of  fragments  over  a  sjiace  of  many  square  miles  around  the  mountain. 
Whitney  bas  described  the  occurrence  in  California  of  beds  of  such  fragmentary  volcanic 
breccia,  hundreds  of  feet  thick  and  covering  many  S(juare  miles  of  surface.  J  unghulni, 
in.  his  account  of  the  eruption  in  Java  in  1772,  rnenticiis  that  a  valley  ten  iiiilcH  long 
was  filled  to  an  average  depth  of  fifty  feet  with  angular  volcanic  debris.'^ 

Among  the  earlier  eruptions  of  a  volcano,  fragments  of  the  rocks  tliroiigb  whi(fli  the 
vent  has  been  drilled  may  frequently  be  observed.  These  are  hi  many  cases  not  volcanic. 
Blocks  of  schist  and  granitoid  rocks  occur  in  the  cinder-beds  at  tli(i  base  of  the  volcaiiu*. 
series  of  Saiitorin.  In  the  older  tuffs  of  Somina,  pieces  of  alt(*r(3(l  liiiiestorie  (Hoinctimes 
measuring  200  cubic  feet  or  more  and  weighing  upwards  of  15  toms)  aiu  abundant,  and 
often  contain  cavities  lined  with  the  characteristic  “  Vesiivian  iniucrais.”^’  Blocdcs  of  ii, 
coarsely  crystalline  granitoid  (but  really  tracliytic)  lava  have  been  particularly  ()l)W(irvt3d 
both  on  Etua^  and  Yesiivius.  In  the  year  1870  a  mass  of  that  kind,  weighing  scvtu-al 
tons,  was  to  be  seen  lying  at  the  foot  of  the  up}>er  cone  of  Vesuvixis,  within  the  entrance 
to  the  Atrio  del  Cavallo.  During  the  eruption  of  this  volcano  in  the  spring  of  1900 
an  immense  quantity  of  blocks  wa.s  ejected,  tlie  largest  of  them  estirnated  to  contain 
12  cubic  metres  and  to  weigh  30,000  kilograins.*^  Similar  blocks  occur  among  tlie 
Carboniferous  and  later  vojcanic  pipes  of  Central  Scotland,  together  somotiinos  with 
huge  fragments*  of  sandstone,  shale,  or  limestone,  not  infrequently  full  of  Carboniferous 
fossils.®  Enormous  masses  of  various  schists  have  been  carried  up  by  the  lavas  of  tho 
Tertiary  volcanic  plateau  of  the  Inner  Hebrides.^ 

^  Bergeat,  ‘Die  Aeolisclieii  Inseln,*  p.  186. 

““  Darwin,  ‘Geological  Observations  on  Volcanic  Islands,*  2ii<l  edit.  p.  4‘2.  FoiKpu'*, 
‘Santoriu,’  p.  79.  ‘Geology  of  East  Fife,’ Afm.  fM.  tSiirr.  11)02,  p.  271. 

^  See  remarks  on  volcaiiie  conglomerates,  cm/e,  p.  173.  By  the  eriiidioiis  of  May  1902 
the  valleys  of  St.  Yincent  were  deeply  filled  with  red-hot  sand  (p.  286). 

^  Jolmston-Lavis,  /.  O.  S.  xl.  p.  76;  Tram.  Edln.  (kol  Svc.  vi.  (1893),  jjp.  314-351. 

^  Tor  the  erupted  blocks  (Auswurflinge)  of  Etna,  see  *  Her  Aetna,’  ii.  pp.  216,  330,  461. 

Matteucci,  Boll.  JSoc.  Swn.  Ital,  vi.  p.  57- 

®  Trans.  Roy.  Soc,  Edia.  xxix.  p.  459.  See  Book  IV.  Sect.  vii.  1  4. 

^  Ty'am.  Roy.  Soc.  Edin.xx.Jiv,  (1888),  p.  82. 
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The  fragmentary  materials  erupted  by  a  volcano  and  deposited  around  it  acquire  by 
deorees  more  or  less  consolidation,  partly  from  the  mere  pressure  of  the  higher  upon 
the  lower  strata,  partly  from  the  intlnence  of  infiltrating  water.  It  has  been  already 
stated  (p.  172)  that  different  names  are  applied  to  the  rocks  thus  ^  formed.  J  lie 
coarse  tumultuous,  unstratified  accumulation  of  volcanic  debris  within  a  crater  or 
funnel  is  called  Agglomerate.  When  the  debris,  though  still  coarse,  is  more  roumhul, 
and  is  arranged  in  a  stratified  form,  especially  where  it  is  re-assorted  by  moving  water, 
as  by  rain,  streams,  lakes,  or  the  sea,  it  becomes  a  Volcanic  Conglomerate.  The 
finer-grained  varieties,  formed  of  dust  and  lapilli,  are  included  in  the  general  designation 
of  Tuffs.  These  are  usually  yellowish,  greyish,  or  brownish,  sometimcH  black 
rocks,  granular,  porous,  and  often  incoherent  in  texture.  They  occur  interstratiiicd 
with  and  pass  into  ordinary  non-volcanic  sediment. 

Organic  remains  sometimes  occur  in  tuff.  Where  volcanic  debris  ha.s  accumulated 
over  the'floor  of  a  lake,  or  of  the  sea,  the  entombing  and  preserving  of  shells  and  other 
organic  objects  must  continually  take  place.  Examples  of  this  kind  arc  (dted  in  later 
pages  of  this  volume  from  older  geological  formations.  Professor  Giiiscardi  of  Naples 
fomid  about  100  species  of  marine  shells  of  living  species  in  the  old  tufls  of  Vifsuvius. 
Marine  shells  have  been  picked  up  within  the  crater  of  Monte  Niiovo,  and  have  beim 
frequently  observed  in  the  old  or  marine  tuff  of  that  district.  Showers  of  ash,  or  sheets 
of  volcanic  mud,  often  preserve  land-shells,  insects,  and  vegetation  living  on  the  area  at 
the  time.  The  older  tuffs  of  Vesuvius  have  yielded  many  remains  of  the  shnib.s  and 
trees  which  at  successive  periods  have  clothed  the  flanks  of  the  mountain.  fVagments 
of  coniferous  and  lepidodendroid  wood,  which  probably  once  grew  on  tin*  slopes  or 
within  the  craters  of  the  tuff-cones  in  Central  Scotland,  are  abundant  in  the  ‘‘necks” 
of  that  region.  The  minute  structure  of  some  of  these  plants  has  been  admirably  pn*- 
served  in  the  beds  of  tuff  intercalated  among  the  Carboniferous  formations.* 

§  2.  Volcanic  Action. 

Volcanic  action  may  be  either  constant  or  periodic.  Htroinboli,  in 
the  Mediterranean,  so  far  as  we  know,  has  been  uninterruptedly  ernitting 
hot  stones  and  steam,  from  a  basin  of  molten  lava,  since  tlu^  (uirliest 
period  of  history.-  This  activity  though  constant  is  variable.  Thus  in  th(‘. 
ten  years  between  1879  and  1888  the  usual  moderate  energy  was  inter¬ 
rupted  fourteen  times  by  more  or  less  violent  x^aroxysms.  In  its  ordinary 
condition  this  volcano  ejects  ashes  and  stones  at  frequent  intervals  with 
greater  or  less  violence,  and  sometimes  with  the  emission  of  lava.  A 
diary  was  kept  of  its  doings  on  7th  July  1891,  when  from  two  of  its 
eruptive  vents,  at  intervals  varying  from  less  than  a  minute  up  to  about 
half  an  hour,  there  were  about  thirty  explosions  between  half-past  c.ight 

^  Trans.  Hoy.  Sue.  Hdin.  xxix.  p.  470  ;  ‘Geology  of  Eastern  Fife,’  Mem.  OW.  Sun'. 
1902,  p.  274 ;  and  23ostea,  Book  IV.  Part  VII.  Sect.  ii.  §  2. 

For  accounts  of  the  lipari  islands  see  Spallanzani’s  ‘  Voyages  clans  les  deux  Hiciles.’ 
Scrope’s  ‘Volcanoes.’  Judd,  Genl.  Mag.  1875.  Mercalli’s  ‘Vulcaui,  koY  p.  ;  his 
papers  in  xitti  Sue.  JtaL  Sci.  Nat  xxii.  xxiv.  xxvii.  xxix.  xxxl,  and  thone  cited  pttstea. 
A.  Baltzer,  Z.  I).  G.  G.  xxvi.  (1875).  L.  W.  Fulcher,  Geol.  Mag.  1890,  p.  347.  “1a*. 
Eruzioni  dell’  Isola  di  Vnlcano,  3  agosto  1888—22  marzo  1890,”  Ann.  Uf.  (Jentr. 
Meteorol.  e  Geodmamica^  x.  part  iv.  (1888).  E.  Cortese  and  V.  Hahatini,  ‘  DeHcrizione 
Geologico-petrografica  delle  Isole  Eolie,’  Rome,  1892 ;  A.  Bergeat,  “  Die  Aeolischen 
luseln,”  Abhand.  Bayer.  Akad.,  Munich,  ii.  Cl.  vol.  xx.  Abth.  i.  (1899).  A  good  bibliography 
of  the  Lipari  Islands  up  to  1890  will  be  found  in  Dr.  Jolmston-Lavis,  ‘South  Itoliaii  Vol¬ 
canoes,’  cited  on  p.  263. 
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o’cloclc  in  the  morning  and  a  few  minutes  past  two  in  the  afternoon,  or 
on.  the  ayerage  from  six  to  seTen  in  the  hour.  Some  of  the  explosions 
were  extremel7  weak,  but  some  were  vigorous  enough  to  eject  red-hot 
stones,  the  incandescence  of  which  could  he  seen  at  a  distance,  in  spite 
of  the  daylight,  while  occasionally  the  ground  sensibly  trembled-^ 

Among  the  Moluccas,  the  volcano  Sioa,  and  in  the  Friendly  Islands, 
that  of  Fofua,  have  never  ceased  to  be  in  eruption  since  their  first  dis¬ 
covery.  The  lofty  cone  of  Sangay,  among  the  Andes  of  Quito,  is  always 
giving  off  hot  vapours ;  Cotopaxi  is  ever  constantly  active, as  is  also 
Izalco  in  San  Salvador,  Central  America.  But,  though  cxa,inples  of 
unceasing  action  may  thus  he  cited  from  widely  difterent  quarters  of  the 
globe,  they  are  nevertheless  exceptional.  The  general  rule  is  that  a 
volcano  breaks  out  from  time  to  time  with  varying  vigour,  and  after 
longer  or  shorter  intervals  of  quiescence. 

Active,  Dormant,  and  Extinct  Phases. — It  is  usual  to  class  volcanoes 
as  arJive^  dormant,  and  erJinot.  This  arrangement,  however,  often  presents 
considerable  difficulty  in  its  application.  An  active  volcano  cannot  of 
course  be  mistaken,  for  even  when  not  in  vigorous  eruption  it  shows 
by  its  discharge  of  steam  and  hot  vapours  that  it  might  break  out  again 
at  any  moment.  But  in  many  cases  it  is  impossible  to  decide  whether 
a  volcano  should  he  called  extinct  or  only  dormant.  The  volcanoes  of 
Silurian  age  in  Wales,  of  Carboniferous  age  in  Ireland,  of  Permian  age 
in  the  Harz,  of  Miocene  age  in  the  Hebrides,  of  younger  Tertinry  age  in  the 
Western  States  and  Territories  of  North  America,  are  certainly  all  extinct. 
But  the  older  Tertiary  volcanoes  of  Iceland  are  still  represoiited  thei’c 
hy  Skaptar-Jokull,  Hecla,  and  their  neighbours.'^  Somma,  in  the  first 
century  of  the  Christian  era,  would  have  been  naturally  lu^gardcd  as  an 
extinct  volcano.  Its  fires  had  never  been  known  to  liave  boon  kindled; 
its  vast  crater  was  a  wilderness  of  wild  vines  and  brushwood,  haunted,  no 
doubt,  by  wolf  and  wild  boar.  Yet  in  a  few  days,  during  the  autumn  of 


^  Professors  Bicco  and  Mercalli  liavts  given  n  detaile<l  uceouiii  of  tlie  (iruptivc  inovcnieiit 
ill  Stromboli,  Ann.  Ujf.  Cent/-.  Atetenrol.  part  iii.  (189!2).  Another  diary  of  live, 
hours  wus  kept  on  lltli  Octobiir  1894,  hy  Dr.  Bcrgeat,  with  soincwliat  siniilnr  results  :  ‘  Die.* 
Aeolischen  Iiisehi/  p.  36. 

^  For  descriptions  of  Cotopaxi,  sec  Wolf,  Atv/c.v  JuJirh,  1878;  Why lu  per,  xxiii. 

p.  323  ;  ‘Travels  amongst  the  Great  Andes,’  chap.  vi. 

On  the  volcanic  plienomeria  of  Iceland,  consult  (1.  Mackenzie’s  ‘Travtdw  in  the  Tslaud 
of  Iceland  during  the  Summer  of  ISIO.’  E.  Henclerson ’.s  ‘  IcdainW  Zirkel,  ‘Dc.gcO" 
guostica  Islandae  constitiitione  observatioiies,’  Bonn,  1861.  ThcroddHcn,  ‘Oversig't  over  (le 
Islandske  Vulkaiiers  Histone,’  translated  in  rhuvie  (Jr.  K.  BoAmm’, /Sj/LifliHo/tuitb 
Eej^.  1885,  parti,  lu  495  ;  Hlhmir/  t.  Sde'tiffk.  Vd.Akad.  llmidl.  xiv.  ii.  (4888),  xvii.  ii. 
(1891);  Geol.AIag.  1880,  p.  458  ;  Oct.  1884.  (Jeograplt.  Tvl.sk.  vol.  x.  (1889- 

1890),  pp.  149-172;  xii.  (1893-94),  pp.  167-234;  xiii.  (1895),  pp.  3-37,99-122,140-156  ;  xiv. 
(1897-98),  pts.  1,  2,  5,  6  ;  xv.  (1899),  pp.  3-14;  xvi.  (1901-1902),  pp.  58-80.  yrr/vivi/J. 
Gesd.  DrclJc.,  Berlin,  1895,  p.  187.  MiUh.  IC.  K.  Geogr.  Ges.,  'Vieiijia,  xxiv.  (3891 ),  p.  1 17. 
Keilhack,  .2^,  i).  O.  G.  xxxviii.  (1886),  p.  376;  Schiuidt,  op.  At.  xx.xvii.  (188.5),  j).  737. 
A.  Helland,  “Lakis  Xratere  og  Lava-stroiue, ”  (Tniveraitefs  Progninivif,  Ohristiaiiia,  1885. 
Breon,  ‘  Geologie  de  I’Islande,  et  ties  Lsles  Faerot!,’  Paris,  1884.  T.  Aiidcirsori,  Joinoi. 
Soc.  Arts,  vol.  xl.  (1892),  p.  397. 
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the  year  79,  the  half  of  the  crater  walls  was  blown  out  by  a  terrific  series 
of  explosions,  the  present  Vesuvius  was  then  formed  within  the  limits  of 
the  earlier  crater,  and  since  that  time  volcanic  action  has  been  inter¬ 
mittently  exhibited  up  to  the  present  day.  Some  of  the  intervals  of 
quietude,  however,  have  been  so  considei’able  that  the  mountain  rni^ht 
then  again  have  been  claimed  as  an  extinct  volcano.  Thus,  in  the  YM 
years  between  1500  and  1631,  so  completely  had  eruptions  ceased  that 
the  crater  had  once  more  become  choked  with  copsewood.  A  few  pools 
and  springs  of  very  salt  and  hot  water  remained  as  memorials  of  the 
former  condition  of  the  mountain.  But  this  period  of  quiescence  closed 
with  the  eruption  of  1631, — the  most  powerful  of  all  the  known  ex¬ 
plosions  of  Vesuvius,  except  the  great  one  of  7 9.  Since  the  middle  of 
the  seventeenth  century  the  volcano  has  been  intermittently  active  but 
never  dormant.  Three  phases  of  its  energy  are  recognised.  Of  these 
the  weakest,  known  as  the  Solfataric,  is  manifested  by  the  constant 
emission  of  steam  and  vapours  with  the  formation  of  sublimates  in  the 
cracks  up  which  these  emanations  reach  the  surface.  The  second,  known 
as  the  Strombolian,  is  shown  by  a  continual  eructation  of  dust  and  stones, 
which,  however,  are  not  ejected  with  much  force,  and  for  the  most  part 
fall  back  into  the  crater  or  on  the  upper  part  of  the  cone.  In  the  third 
and  most  vigorous  phase,  which  has  been  termed  Plinian,  after  the 
historian  of  the  eruption  in  79,  large  volumes  of  steam,  dixst,  ashes, 
scoriae,  bombs  and  blocks  are  expelled  with  great  violence  high  into  the 
air  and  fall  around  the  crater,  while  occasionally  streams  of  lava  issue 
from  rents  in  the  cone  and  flow  down  the  outside  of  the  mountain.^ 

In  the  island  of  Ischia,  Mont’  Epomeo  was  last  in  eruption  in  the 
year  1302,  its  previous  outburst  having  taken  place,  it  is  believed,  about 
seventeen  centuries  before  that  date.  From  the  craters  of  the  Eifel, 
Auvergne,  the  Vivarais,  and  Central  Italy,  though  many  of  them  look  as 
if  they  had  only  recently  been  formed,  no  eruption  has  been  known  to 
come  during  the  times  of  human  history  or  tradition.  In  the  west  of 
JSTorth  America,  from  Arizona  to  Oregon,  numerous  stupendous  volcanic 
cones  occur,  but  even  from  the  most  perfect  and  fresh  of  them  nothing 
but  steam  and  hot  vapours  has  yet  been  known  to  proceed.*^  But  the 
l>resence  there  of  hot  springs  and  geysers  proves  the  continued  existence 
of  one  phase  of  volcanic  action. 

In  short,  no  essential  distinction  can  be  drawn  between  dormant 
and  extinct  volcanoes.  Volcanic  action,  as  will  be  afterwards  pointed 
out,  is  apt  to  show  itself  again  and  again,  even  at  vast  intervals,  within 
the  same  regions  and  over  the  same  sites.  As  above  sbxted,  the 
dormant  or  waning  condition  of  a  volcano,  when  only  steam  and  various 
gases  and  sublimates  are  given  off,  is  called  the  Solfataric  phase. 

Sites  of  Volcanic  Action. — It  has  been  a  prevalent  belief  among 

^  R.  V.  Matteucci,  TscliermaWs  Mitth.  xv.  (1895),  part  v.  ;  Jlol.  Soc.  Slum.  Hal.  vi. 
p.  B2  of  reprint. 

-  Eruptions  occuiTed  perhaps  less  than  100  years  ago.  Oilier,  BuU.  (7.  S,  G.  H.  Ko.  79. 
I.  C.  Russell’s  ‘Volcanoes  of  North  America’  gives  a  valuable  summary  of  information 
Fording  the  later  volcanic  history  of  the  United  States. 
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geologists  that  for  the  appearance  of  a  volcano  on  th^  surface  of  the 
earth  there  must  first  be  a  fissure  of  the  terrestrial  crust,  and  that  the 
site  of  the  volcano  will  be  generally  determined  by  the  weakest  point 
along  the  line  of  fracture,  where  least  resistance  is  offered  to  the  expansive 
energy  of  the  subterranean  vapours.  It  is  undoubtedly  true  that  many 
groups  of  volcanoes  are  placed  in  lines  strongly  suggestive  of  the  existence 
of  such  fissures  in  the  crust.  It  is  impossible,  for  example,  to  study  the 
volcanic  map  of  the  globe  without  concluding  that  along  such  lines  as  the 
Aleutian  and  Kurile  islands,  Japan,  and  the  islands  of  the  East  and  West 
Indies  there  must  be  long  rents  underneath,  which  have  provided  a  pathway 
for  the  manifestations  of  volcanic  energy.  These  major  lines  of  distribu¬ 
tion  have  been  cited  as  a  proof  of  the  usual  connection  between  volcanic 
distribution  and  fractures  in  the  crust.^ 

Nevertheless,  that  a  new  volcanic  cone  may  arise  without  the  appear¬ 
ance  of  any  fissure  has  been  shown  by  instances  that  have  been  witnessed 
both  in  the  Old  and  New  Worlds.  Thus  on  the  shores  of  the  Bay  of 
Naples,  among  gardens  and  cottages,  Monte  Nuovo,  to  which  further 
reference  will  be  made  in  the  sequel,  was  piled  up  within  a  space  of  two 
days  to  a  height  of  nearly  500  feet.  Again,  in  the  year  1770  a  new 
volcano  (Izalco)  broke  out  in  the  midst  of  a  cattle  estate  about  30  miles 
west  of  the  city  of  San  Salvador.  Since  that  time  it  has  been  constantly 
active,  and  has  now  attained  a  height  of  about  3000  feet.  In  the  same 
volcanic  region,  early  in  1880,  a  volcano  burst  forth  in  the  lake  Hopango, 
and  speedily  formed  an  island  about  5  acres  in  extent  and  160  feet 
high,  though  the  water  immediately  around  it  was  100  fathoms  in  depth. 
Further,  in  the  volcanic  ground  of  Nicaragua  during  1850,  a  volcanic  cone 
was  thrown  up  at  the  edge  of  the  plain  of  Leon.  It  is  true  that  all 
these  eruptions  took  place  in  tracts  that  had  already  been  theatres  of 
volcanic  activity,  and  where  there  are  still  active  volcanoes.  But  they 
indicate  that  new  vents  may  be  opened  to  the  smdaco  at  some  little 
distance  from  any  older  funnels  and  without  the  accompaniment  of  any 
visible  fissure. 

For  some  years  past  there  has  been  a  growing  belief  that  while  linear 
groups  of  volcanoes  no  doubt  indicate  the  existence  of  rents  or  lines  of 
weakness  in  the  terrestrial  crust,  volcanic  energy  is  of  itself  capable  of 
drilling  an  orifice  through  the  crust  and  forcing  its  way  to  the  surface. 
The  absence  of  any  contributory  fissure  can  be  demonstrated  in  the 
case  of  many  ancient  volcanic  vents,  the  ground-plan  and  surroundings 
of  which  have  been  laid  bare  by  denudation.  Thus  as  far  liack  as 
the  year  1879  I  observed  that  the  numerous  volcanic  vents  of  Carbon¬ 
iferous  and  later  age  in  Central  Scotland  have  been  blown  out  of  the 
crust  without  any  trace  of  their  coincidence  with  lines  of  fault.^ 
In  1886  Dr.  Ferdinand  Ijowe  combated  the  prevailing  conception, 

^  See,  for  instance,  M.  Midi  el- Levy’s  essay,  “Sur  la  Co-ordination  et  la  Repartition  dea 
Fractures  et  des  Effondreinents  de  rijlcorce  terrestre  en  relation  avec  les  ^ipanebements 
volcaniques, ”  Bull.  G.  F.  xxvi.  (1898),  p.  105. 

Trans.  Roy.  Soc.  Edin.  xxix.  (1879).  The  independence  of  faults  on  the  part  of 
these  vents  was  noticed  in  the  first  edition  of  this  text-hook,  puhlished  in  1882,  559. 
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maintaining  that'the  magma  had  of  itself  energy  sufficient  to  enalde  it  to 
perforate  the  crust  without  the  help  of  a  fissure.^  Professor  Branco  has 
been  led  to  a  similar  conclusion  from  his  study  of  the  numerous  volcani(i 
necks  of  Swabia,  which  in  many  respects  repeat  the  structure  of  the  older 
series  in  Scotland.  Pr.  E.  Boese,  of  the  Geological  Institute  of  Mexico, 
has  more  recently  adopted  the  same  view,  which  he  says  is  Ijoriie  out  by 
a  study  of  the  volcanoes  of  that  country.^  This  subject  will  again  be 
referred  to  in  §  5,  and  in  Book  lY.  Part  YII  Sect.  i.  §  4.  In  the  mean¬ 
time  it  may  be  sufficient  to  note  that  while  the  subterranean  eiier*gy  of 
the  planet  doubtless  avails  itself  of  any  lines  or  points  of  weakness  in  the 
crust,  the  existence  of  lines  of  fissure  is  not  absolutely  essential  for  the 
production  of  volcanoes,  and  that  many  ancient  volcanic  vents,  the  sur¬ 
roundings  of  which  have  been  entirely  laid  bare  by  denudation,  can  be 
demonstrated  to  have  risen  without  the  help  of  any  visible  faults.'^ 

An  important  inference  may  be  deduced  from  the  considerations  just 
stated.  It  is  obvious  that  in  order  to  be  able  to  expel  an  overlying 
column  of  the  earth’s  crust  the  magma  must  have  ascended  to  wdthin  a 
comparatively  short  distance  from  the  surface.  In  the  case  of  the  in¬ 
numerable  small  vents  which  can  be  proved  to  have  been  drilled  through 
unfaulted  rocks,  this  proximity  of  the  top  of  the  magma  to  the  mouths 
of  the  funnels  becomes  strikingly  apparent.  And  as  these  vents  are 
numerous  they  show  that  in  many  cases  volcanic  action  is  not  deep-seated 
but  has  its  source  not  many  hundred  feet  below  ground.  The  asceitained 
relation  between  the  eruptive  activity  of  some  volcanoes,  such  as  Strornboli 
and  Yesuvius,  and  seasons  of  wet  weather  (p.  281),  together  with  the 
briefness  of  the  interval  of  time  between  the  fall  of  the  rain  and  the 
renewal  of  volcanic  explosions,  points  to  the  comparatively  superficial 
character  of  some  manifestations  of  volcanic  phenomena.^ 

Yolcanoes  may  break  through  any  geological  formation.  Iti  Auvergne,'' 
in  the  Miocene  period,  they  burst  through  the  granitic  and  gneissose 
plateau  of  Central  Prance.  In  Lower  Old  Red  Sandstone  times,  they 
pierced  contorted  Silurian  rocks  in  Central  Scotland.  In  late  Tertiary 


^  Jahri.  K.  K,  Geol.  Eeichsanst.  1886,  p.  315. 

^  Branco,  ‘Sctwabens  125  Vulkan-Embryonen,’  Stuttgart,  1894  ;  Neues  Jahrh.  i.  (1898), 
p.  175  ;  E.  Boese,  Mem.  Soc,  Alzate,  Mexico,  xiv.  (1899),  p.  199. 

^  ‘Ancient  Volcanoes  of  Great  Britain,’  i.  p.  69  ;  ii.  p.  65. 

See  Stiibel’s  ‘Vulkanberge  von  Ecuador,’  1897;  and  ‘Ein  Wort  iiber  den  Sitz  dor 
vulkanischen  Krafte  in  der  Gegeuwart,’  Leipzig,  1901.  G.  de  Lorenzo,  “  Considerazioni 
suir  Origine  superficiale  dei  Vnlcani,”  Atti  Acad.  ScL,  Naples,  xi.  (1902)  ;  Rmd.  Acml.  AcL, 
Naples,  Nov.  1901. 

5  For  descriptions  of  auvergne  and  tbe  volcanic  districts  of  Central  France,  see 
Scrope’s  ‘Geology  and  Extinct  Volcanoes  of  Central  France,’  2nd  edit.  1858.  H.  Lecoq'h 
‘Epoqnes  gdologiques  de  I’Anvergne,’  1867.  Michel-Levy,  B.  JS.  G.  F.  xviii.  (1890),  p.  688. 
Tbe  succession  of  volcanic  rocks  in  Velay  is  described  by  M.  Boule,  B.  N.  (L  F.  xviii. 
(1889),  p,  174,  and  in  Bull.  Carte  GM.  de  la  France,  No.  28  (1892) ;  see  also  P.  Terinier, 
op.  ad.  No.  13  ;  J.  Giraud,  qp.  cit.  No.  87  ;  P.  Glangeaud,  Carnpt.  rend.  5tli  June  1900.  An 
interesting  historical  sketcb  of  the  progress  of  investigation  in  Auvergne  will  be  found  in  a 
pamphlet  by  Antoine  Verni^re,  “Les  Voyageurs  et  les  Naturalistes  dans  1’ Auvergne  et  dans 
le  Velay,”  Clermont  Ferrand,  1900. 
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and  post-Tertiary  ages,  they  found  their  way  through  recent  soft  marine 
strata,  and  formed  the  huge  piles  of  Etna,  Somma,  and  Vesuvius;  while 
in  North  America,  during  the  same  cycle  of  geological  time,  they  flooded 
with  lava  and  tuff  many  of  the  river-courses,  valleys,  and  lakes  of  Nevada, 
Utah,  Wyoming,  Idaho,  and  adjacent  territories.  On  the  hanks  of  the 
Khine,  at  Bonn  and  elsewhere,  they  have  penetrated  some  of  the  older 
alluvia  of  that  river.  In  many  instances,  also,  newer  volcanoes  have 
appeared  on  the  sites  of  older  ones.  In  Scotland,  the  Carboniferous 
volcanoes  have  risen  on  the  ruins  of  those  of  the  Old  Red  Sandstone, 
those  of  the  Permian  period  have  broken  out  among  the  earlier  Carbon¬ 
iferous  eruptions,  while  the  older  Tertiary  dykes  have  been  injected  into 
all  these  older  volcanic  masses.  The  newer  ^uys  of  Auvergne  were 
in  some  cases  erupted  through  much  older  and  already  greatly  denuded 
basalt -streams.  Somma  and  Vesuvius  have  risen  out  of  the  great 
Neapolitan  plain  of  older  marine  tuff,  while  in  Central  Italy  newer 
cones  have  been  thrown  up  upon  the  wide  Roman  plain  of  more  ancient 
volcanic  debris.^  The  vast  Snake  River  lava- fields  of  Idaho  overlie 
denuded  masses  of  earlier  trachytic  lavas,  and  similar  proofs  of  a  long 
succession  of  intermittent  and  widely  separated  volcanic  outbursts  can  be 
traced  northwards  into  the  Yellowstone  basin. 

Ordinary  phase  of  an  Active  Volcano. — The  interval  between  two 
eruptions  of  an  active  volcano  shows  a  gradual  augmentation  of  energy. 
The  crater,  emptied  by  the  last  discharge,  has  its  floor  slowly  upraised 
by  the  expansive  force  of  the  lava-column  underneath.  ‘  Vapours  rise  in 
constant  outflow,  accompanied  sometimes  by  discharges  of  dust  or  stones. 
Through  rents  in  the  crater  floor  red-hot  lava  may  be  seen  only  a  few  feet 
down.  Where  the  lava  is  maintained  at  or  above  its  fusion-point  and 
possesses  great  liquidity,  it  may  form  boiling  lakes,  as  in  the  great  crater 
of  Kilauea,  where  acres  of  seething  lava  may  be  watched  throwing  up 
fountains  of  molten  rock,  surging  against  the  walls  and  re-fusing  large 
masses  that  fall  into  the  burning  flood.  The  lava-column  inside  the  pipe 
of  a  volcano  is  all  this  time  gradually  rising,  until  some  weak  part  of 
the  wall  allows  it  to  escape,  or  until  the  pressure  of  the  accumulated 
vapours  becomes  great  enough  to  burst  through  the  hardened  crust  of  the 
crater-floor  and  give  rise  to  the  phenomena  of  an  erui)tion. 

Influence  of  Atmosphere. — Leaving  for  the  present  the  general 
question  of  the  cause  of  volcanic  action,  it  may  be  here  remarked  that 
the  conditions  determining  any  particular  eruption  are  still  unknown. 
The  explosions  of  a  volcano  may  be  to  some,  probably  slight,  extent 
regulated  by  the  conditions  of  atmospheric  pressure  over  the  area  at 
the  time.  When  we  remember  the  connection,  now  indubitably  estab¬ 
lished,  between  a  more  copious  discharge  of  fire-damp  in  mines  and  a 
lowering  of  atmospheric  pressure,  a  similar  influence  may  well  affect  the 
escape  of  vapours  from  the  upper  surface  of  a  lava-column  ;  for  it  is 
mainly  to  the  expansive  vapours  impregnating  the  lava  that  the  manifesta- 

^  According  to.  Professor  G.  Pozzi,  tlie  principal  volcanic  outbursts  of  Italy  are  of  tlie 
Glacial  period :  Atti  Lincei,  ii.  (1878),  p.  35.  G.  de  Stefaiii  regards  those  of  Tuscany  as 
partly  Miocene,  partly  Pliocene  and  post-Pliocene  :  Proc,  Tosc.  Soc.  Nat.  IHm,  1.  p.  xxi. 


DYNAMICAL  GEOLOGY.  book  in  fabt  i 


tions  of  volcanic  activity,  are  due.  In  the  case  of  a  volcanic  funnel  like 
Stromboli,  where,  as  Scrope  pointed  out,  the  expansive  subterranean  force 
within,  and  the  repressive  effect  of  atmospheric  pressure  without,  ]ust 
balance  each  other,  any  serious  disturbance  of  that  prepure  might  be  ex¬ 
pected  to  make  itself  evident  by  a  change  in  the  condition  of  the  volcano. 
Accordingly,  it  has  long  been  remarked  by  the  fishermen  of  the  Lipari 
Islands  t?iat  in  stormy  weather  there  is  at  Stromboli  a  more  copious 
discharge  of  steam  and  stones  than  in  fine  weather.  They  make  use  of 
the  cone  as  a  weather-glass,  the  increase  of  its  activity  indicating  a  falling, 
and  the  diminution  a  rising  barometer.^  There  may,  however,  be  other 
causes  besides  atmospheric  pressure  concerned  in  these  differences ;  the 
preponderance  of  rain  during  the  winter  and  spring  may  be  one  of  these. 

During  the  eruption  of  Vnlcano,  which  lasted  from  the  beginning  of  August  1888  to 
near  the  end  of  March  1890,  the  G-overnment  Commission  to  the  island  kept  a  meteoro¬ 
logical  record  for  the  purpose  of  ascertaining  wliat  connection  there  might  he  between 
the  explosions  and  the  state  of  the  atmosphere.  The  length  of  time  during  whicdi  the 
observations  were  carried  on  was  probably  too  brief  to  warrant  any  very  definite 
conclusion  on  the  subject ;  but  so  far  as  the  observations  went  they  indicated  that  while 
the  main  cause  of  variation  in  the  volcanic  energy  was  to  be  sought  in  subterranean 
conditions,  there  yet  appeared  to  be  on  the  whole  a  coincidence  between  the  feebler 
manifestations  of  volcanic  activity  and  a  high  barometer,  while  the  more  vigorous 
displays  corresponded  to  changes  from  settled  to  stormy  weather.^ 

At  Hawaii  evidence  of  a  relation  of  volcanic  activity  to  the  seasons  has  been 
established  beyond  question.  Out  of  the  whole  number  of  eruptions  from  Manila  Loa, 
19  in  number,  from  1832  to  1887,  5  occurred  in  January,  3  in  February,  4  in  March 
April  and  May,  1  in  June  ;  4  began  in  August  and  2  in  November.  Thus  15  out  of  the 
19  took  place  in  the  wetter  season.  If  to  these  are  added  the  eruptions  at  Kilauea,  the 
immhcrs  become  20  or  21  out  of  a  total  of  27.'^  Again,  Etna,  according  to  Hartorius 
von  Waltershauseu,  is  most  active  in  the  winter  months  ;  wliile  among  the  Ycsuvian 
eruptions  since  the  middle  of  the  seventeenth  century,  the  number  which  took  place  in 
winter  and  spring  has  been  to  that  of  those  which  broke  out  in  summer  and  autumn  as 

I  A.  Bergeat,  “Der  Stromboli  als  Wetterprophet,”  Z.  JO.  O.  G.  xlviii.  (1896),  pp.  153-239. 

-  Silvestri  and  Mercalli,  ‘Le  Eruzioni  dell’  Isola  di  Vulcano,’  p.  113. 

®  This  seasonal  relation  was  first  noticed  by  the  Rev.  T.  Coan,  and  was  recoginsed  by 
Mr.  W.  Lowthian  Green,  J.  D.  Dana,  Amer.  Journ.  Sci.  xxxvi.  (1888),  p.  84.  For  aecountK 
of  the  volcanic  phenomena  of  Hawaii,  see  W.  Ellis,  ‘Polynesian  Researches.’  Wilkes’ 
U.S.  Explomig  Ex;pedition,  1838-42,  “Geology,”  by  J.  D.  Dana.  Mr.  Coan,  a  missionary 
resident  in  Hawaii,  observed  the  operations  of  the  volcanoes  for  upwards  of  forty  years,  and 
published  from  time  to  time  short  notices  of  them  in  the  American  Journal  of  Science.,  vols. 
xiii.  (1852)  xiv.  xv.  xviii.  xxi.  xxii.  xxiii.  xxv.  xxvii.  xxxvii.  xl.  xliii.  xlvii.  xlix. ;  3rd  ser. 
ii.  (1871)  iv.  vii.  viii.  xiv.  xviii.  xx.  xxi.  xxii.  (1881).  Professor  Dana  revisited  these  volcanoes 
and  fully  discussed  their  phenomena  in' the  Amer.  Journ.  Sci.  vols.  xxxiii.-xxxvii.  (1887-89), 
and  in  his  ‘Characteristics  of  Volcanoes.’  See  also  C.  E.  Dutton,  A7ner.  Journ.  ScL  xxv. 
(1883),  p.  219  ;  Report  U.S.  Geological  Surrey.!  1882-83.  L.  Green,  ‘Vestige.s  of  the 
Molten  Globe,’  1887.  W.  T.  Brigham,  Amer.  Journ.  Sci.  xli.  (1891),  p.  507  ;  S.  E.  Bishop, 
op,  dt  xliv.  (1892),  p.  207;  xiv.  (1893),  p.  241;  xlviii.  (1894),  p.  338;  E.  Wood,  Amer. 
Geol.  xxiv.  (1899),  p.  300  ;  C.  H.  Hitchcock,  JB.  Amer.  Oeol.  Soc.  xi.  (1901),  pp.  36-49  ; 
xii.  (1901),  p.  45  ;  JJature,  xlvii,  (1893),  p.  499  ;  1.  (1894),  pp.  91,  483  ;  liii.  (1896),  p.  490. 
For  an  account  of  the  remarkable  glassy  lavas  of  Hawaii,  see  E.  Cohen,  Neues  Jahrb.  1880 
(h.),  p.  23  ;  and  a  general  account  of  the  petrography  of  the  islands,  by  E.  B.  Dana,  Amer, 
Journ,  Sci,  xxxvii.  (1889),  p.  441. 
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7  to  4.  The  influence  of  a  rainy  season  in  augmenting  the  activity  of  Vesuvius  has 
recently  been  repeatedly  urged  by  G.  de  Lorenzo.  He  has  pointed  out  that  the 
recrudescence  of  Strombolian  explosive  energy  in  this  mountain  during  May  1900 
followed  after  an  exceptionally  rainy  season,  and  that  a  similar  eftect  re-apjjeared  after 
the  heavy  rains  of  the  following  November  and  February.^  In  Japan  the  greater 
number  of  recorded  eruptions  have  taken  place  during  the  cold  months  of  the  year, 
February  to  April. - 

According  to  Mr.  Goan,  previous  to  the  great  Hawaiian  eruption  of  1868  there  had  been 
unusually  wet  -weather,  and  to  this  fact  he  attributes  the  exceptional  severity  of  the  earth- 
(piakes  and  volcanic  explosions.  The  greater  frequency  of  Japanese  volcanic  eruptions 
and  earthquakes  in  winter  has  been  referred  in  explanation  to  the  fact  that  the  average 
barometric  gradient  across  Japan  is  steeper  in  winter  than  in  summer,  while  the  piling 
up  of  snow  in  the  northern  regions  gives  rise  to  long-continued  stresses,  in  consequence 
ol  which  certain  lines  of  weakness  in  the  earth’s  crust  are  more  prepared  to  give  way 
during  the  winter  months  than  they  are  in  summer.*’  The  effects  of  varying  atmo¬ 
spheric  pressure,  however,  probably  at  most  only  slightly  and  locally  modify  volcanic 
activity.  Eruptions,  like  the  great  one  of  Cotopaxi  in  1877,  have  in  innumerable 
instances  taken  place  without,  so  far  as  can  be  ascertained,  any  r(‘ference  to  atmospheric 
conditions. 

Kluge  has  sought  to  trace  a  connection  between  the  years  of  maximum  and  minimum 
sun-spots  and  those  of  greatest  and  feeblest  volcanic  activity,  and  has  constructed  lists 
to  show  that  years  which  have  been  specially  characterised  by  terrestrial  eruptions  have 
coincided  with  those  marked  l)y  few  sun-spots  and  diminished  magnetic  disturbance.”^ 
Such  a  connection  cannot  be  regarded  as  having  yet  been  satisfactorily  established. 
Again,  the  same  author  has  called  attention  to  the  frequency  and  vigour  of  volcanic 
explovsions  at  or  near  the  time  of  the  August  meteoric  shower.  But  the  cited  examples 
(.•an  hardly  yet  be  looked  upon  as  more  than  coincidences. 

Periodicity  of  Eruptions. — At  many  volcanic  vents  the  eruptive 
energy  manifests  itself  with,  more  or  less  regularity.  At  Stromboli, 
which  is  constantly  in  an  active  state,  the  explosions  occur,  as  we  have 
seen,  at  intervals  varying  from  less  than  a  minute  up  to  half  an  hour  or 
more.  A  similar  rhythmical  movement  has  been  often  observed  during 
the  eruptions  at  other  vents  which  are  not  constantly  active.  Yulcano, 
for  example,  during  its  eruption  of  September  1873,  displayed  a  succession 
of  explosions  which  followed  each  other  at  intervals  of  from  twenty  to 
thirty  minutes.  The  same  volcano  repeated  its  alternations  ot  gentle 
and  violent  discharges  during  the  eruptive  period  above  referred  to 

^  Jte/id.  Aa’ud.  Kaplen,  Fasc.  f>  and  6,  8  to  12,  1900  ;  Fasc.  8,  1901. 

“  J.  Milne,  Aeimml.  jSoc.  Jfcjut.n,  ix.  part  ii.  p.  174.  For  accounts  of  the  volcanic 
plieuoinena  of  jauan,  the  TmnHartianH  of  the  Heimioloyical  Society  of  Jafpan  should  he 
consulted.  See  also  Dr.  B.  Koto,  ‘Scope  of  the  Vulcaiiologieal  Survey  of  Japan,’  Tokio, 
1900,  where  a  list  of  papers  on  tin*  Jai)anese  volcanoes,  published  and  in  prei)aration,  will 
be  found;  E.  Naiunann,  “Die  Vulcaiiiiisel  Ooshima,”  Z.  J).  (J.  xxix.  (1877),  pp.  364- 
391;  S.  Sekiya  and  Y.  Kikuchi,  ‘The  Eruption  of  Bandaisaii,’  Tokio,  1889;  W.  J. 
Holland,  “Ascent  of  the  Volcanoes  Nantai-san,  Asarna-yama,  and  Nasii-take,”  Appalachia, 
Boston,  Dec.  1890. 

J.  Milne,  loe.  cit. 

^  ‘  Uebef  Synchronismus  imd  Antagonismiis,’  8vo,  Leipzig,  1863,  p.  72,  A.  Poey  [Oomptes 
rend,  Ixxviii.  (1874),  p.  51)  believes  that  among  the  786  eruptions  recorded  by  Kluge, 
between  1749  and  1861,  the  inaxiina  correspond  to  periods  of  minimum  in  solar  spots. 
Compare  the  reported  conneetioii  of  earthquakes  with  sim-spots,  kc.,  pode((,  p.  363. 
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as  having  lasted  from  August  1888  to  March.  1890.  A  diary  of^  the 
explosions  was  kept  for  each  day  between  the  11th  February  and  24th 
March  1889.  During  that  interval  three  periods  could  be  distinguished 
that  differed  in  the  rhythm  and  intensity  of  the  eruptions.  The  first 
of  these,  from  11th  to  23rd  February,  was  characterised  by  the  great 
frequency  and  moderate  intensity  of  the  explosions,  having  on  the  average 
twelve  explosions  in  the  hour,  with  intervals  always  less  than  20  minutes, 
except  in  one  case,  where  the  intervals  reached  29  minutes.  The  second 
period,  from  24th  February  to  20th  March,  was  marked  by  the  diminished 
frequency  and  greater  intensity  of  the  eruptions,  the  average  being  seven  in 
the  hour,  with  intervals  between  them  generally  less  than  half  an  hour, 
but  in  one  case  48  minutes  and  in  another  1  hour  and  12  minutes. 
In  the  third  period,  from  the  22nd  to  the  24th  of  March,  the  eruptions 
were  few  in  number  and  moderate  in  intensity,  with  intervals  between 
them  of  even  3  hours  and  more.^ 

At  Etna  and  Vesuvius  a  similar  rhythmical  series  of  convulsive 
efforts  has  often  been  observed  during  the  course  of  an  eruption.- 
Among  the  volcanoes  of  the  Andes  a  periodic  discharge  of  steam  has 
been  observed ;  Mr.  Whymper  noticed  outrushes  of  steam  to  proceed  at 
intervals  of  from  twenty  to  thirty  minutes  from  the  summit  of  Sangai, 
while  during  his  inspection  of  the  great  crater  of  Cotopaxi  this  volcano 
was  seen  to  blow  off  steam  at  intervals  of  about  half  an  hour.^  At  the 
eruption  of  the  Japanese  volcano  Oshima,  in  1877,  Mr.  Milne  observed 
that  the  explosions  occurred  nearly  every  two  seconds,  with  occasional 
pauses  of  15  or  20  seconds.^  Kilauea,  in  Hawaii,  seems  to  show  a 
regular  system  of  grand  eruptive  periods.  Dana  has  pointed  out  that 
since  1832  outbreaks  of  lava  have  taken  place  from  that  volcano  at 
intervals  of  from  three  and  a  half  to  twelve  and  a  half  years,  these 
intervals  being  required  to  fill  the  crater  up  to  the  point  of  out])reak, 
or  to  a  depth  of  400  or  500  feet.^ 

Some  volcanoes  have  exhibited  a  remarkable  paroxysmal  phfise  of 
activity,  when  after  comparative  or  complete  quiescence  a  sudden  gigantic 
explosion  has  taken  place,  followed  by  renewed  and  prolonged  repose. 
Vesuvius  supplies  the  most  familiar  illustration  of  this  character  of 
volcanic  energy.  The  great  eruption  of  A.D.  79,  which  truncated  the 
upper  part  of  the  old  cone  of  Somma,  was  a  true  paroxysmal  explosion, 
unlike  anything  that  had  preceded  it  within  historic  times,  and  far  more 
violent  than  any  subsequent  manifestation  of  the  same  volcano.  This 
phase  of  volcanic  activity  is  discussed  at  p.  289. 

General  sequence  of  events  in  an  Eruption. — The  approach  of  an 

^  Professor  Mercalli,  ‘  Le  Eruzioni  dell’  Isola  di  Vulcano,’  cap.  ii.  art.  4,  p.  75.  Hie 
observations  were  continued  by  Professor  0.  Silvestri  from  25tli  March  1889  to  22nd  March 
1890,  but  not  in  the  same  detail. 

^  G.  Mercalli,  Atii  Soc.  ItaZ.  Sci.  Nat.  xxiv.  (1881). 

3  ‘Travels  among  the  Great  Andes  of  the  Equator,’  1892,  pp.  74,  153. 

^  Trans.  Seism.  Soc.  Japan,  ix.  part  ii.  p.  82. 

^  ‘Characteristics  of  Volcanoes,’  p.  124.  Amer.  Journ.  Sci.  xxxvi.  (1888),  p.  88.  On 
periodicity  of  eruptions,  see  Kluge,  Neues  Jakrb.  1862,  p.  582. 
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eruption  is  not  always  indicated  bj  any  premonitory  symptoms,  for 
many  tremendous  explosions  are  recorded  to  kave  talcen  place  in  different 
parts  of  the  world  without  perceptible  warning.  Much  in  this  respect 
would  appear  to  depend  upon  the  condition  of  liquidity  of  the  lav'a,  and 
the  amount  of  resistance  offered  hy  it  to  the  passage  of  the  escaping 
yapours  through  its  mass.  In  Hawaii,  where  the  lavas  are  remarkably 
liquid,  vast  outpourings  of  them  have  taken  place  quietly  without  earth¬ 
quakes  during  the  present  century.  But  even  there,  the  great  eruption 
of  1868  was  accompanied  hy  violent  earthquakes. 

The  eruptions  of  Vesuvius  are  often  preceded  by  failure  or  diminution 
of  wells  and  springs.  But  more  frequent  indications  of  an  approaching 
outburst  are  conveyed  by  sympathetic  movements  of  the  ground.  Sub¬ 
terranean  rumblings  and  groanings  are  heard;  slight  tremors  succeed, 
increasing  in  frequency  and  violence  till  they  become  distinct  earthquake 
shocks.  The  vapours  from-  the  crater  grow  more  abundant,  as  the  lava- 
column  in  the  pipe  or  funnel  of  the  volcano  ascends,  forced  upward  and 
kept  in  perpetual  agitation  by  the  passage  of  elastic  vapours  through  its 
mass.  After  a  long  previous  interval  of  quiescence,  there  may  be  much 
solidified  lava  towards  the  top  of  the  funnel,  which  will  restrain  the 
ascent  of  the  still  molten  portion  underneath.  A  vast  pjrcssure  is  thus 
exercised  on  the  sides  of  the  cone,  which,  if  too  weak  to  resist,  will 
open  in  one  or  more  rents,  and  the  liquid  lava  will  issue  from  the  outer 
slope  of  the  mountain ;  or  the  energies  of  the  volcano  will  be  directed 
tovs^ards  clearing  the  obstruction  in  the  chief  throat,  until  with  tremendous 
explosions,  and  the  rise  of  a  vast  cloud  of  steam,  dust  and  fragments,  the 
bottom  or  sides  of  the  crater  are  finally  blown  out,  and  the  top  of  the 
cone  may  disappear.  Lava  may  now  escape  from  the  lowest  part  of  the 
lip  of  the  crater,  while,  at  the  same  time,  immense  numbers  of  red-hot 
bombs,  scoriae,  and  stones  are  shot  up  into  the  air.  The  lava  at  first 
rushes  down  like  one  or  more  rivers  of  melted  iron,  but,  as  it  cools,  its 
rate  of  motion  lessens.  Clouds  of  steam  rise  from  its  surface,  as  well  as 
from  the  central  crater.  Indeed,  every  successive  paroxysmal  convulsion 
of  the  mountain  is  marked,  even  at  a  distance,  by  the  rise  of  huge  ball¬ 
like  (or  cauliflower-like)  wreaths  or  clouds  of  steam  (Fig.  39),  mixed 
with  dust  and  stones,  forming  a  column  which  towers  sometimes  a  couple 
of  miles  or  more  above  the  summit  of  the  cone.  By  degrees  these 
eructations  diminish  in  frequency  and  intensity.  The  lava  ceases  to  issue, 
the  showers  of  stones  and  dust  decrease,  and  after  a  time,  which  may 
vary  from  hours  to  days  or  months,  even  in  the  Ncjvme  of  the  same 
moimtain,  the  volcano  becomes  once  more  tranquil.^ 

Some  of  the  most  destructive  eruptions  have  been  xniaccoinpanied  by 
the  outflow  of  any  lava.  Thus  in  the  disastrous  explosions  of  the  Vest 
Indian  islands  in  May  1902,  by  which  the  town  of  St.  Pierre  in  Martinique, 
with  30,000  inhabitants,  and  a  wide  tract  of  country  in  St.  Tincent,  with 

^  See  ScXimidt’a  narrative  of  tlie  eruption  of  Vesuviu.s  in  JMay  1855,  tc)<,^ether  witli  tlie 
otliex  narratives  of  the  eruptions  of  that  mountain  cited  on  p.  2(57,  and  those  of  l^tiia 
enumerated  on  p.  264.  An  accotmt  of  the  great  eruption  of  Cotopaxi  in  June  1877,  by  Dr. 
Th.  Wolf,  will  be  found  in  Ntuta  JaJtrf),  1878,  p.  113. 
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2000  or  more  of  the  population,  were  destroyed  in  a  few  minutes,  no  lava 
appears  to  have  been  poured  forth  except  in  the  form  of  vast  quantities  of 
in^candescent  dust,  sand  and  stones,  into  which  it  was  blown  by  the  explosion 
of  the  vapours  and  gases  occluded  in  it.  At  these  two  volcanoes  ‘‘  the  most 
peculiar  feature  of  the  eruptions  was  the  avalanche  of  incandescent  sand 
and  the  great  black  cloud  which  accompanied  it.  The  preliminary  stages 
of  such  eruptions,  which  may  occupy  a  few  days  or  only  a  few  hours, 
consist  of  outbursts  of  steam,  line  dust  and  stones,  and  the  discharge^  of 
the  crater-lakes  as  torrents  of  water  or  of  mud.  In  them  there  is  nothing 
unusual,  but  as  soon  as  the  throat  of  the  crater  is  thoroughly  cleared, 
and  the' climax  of  the  eruption  is  reached,  a  mass  of  incandescent  lava 
rises  and  wells  over  the  lip  of  the  crater  in  the  form  of  an  avalanche  of 
red-hot  dust,  which  rushes  down  the  slopes  of  the  hill,  carrying  with  it  a 
temfic  blast,  which  mows  down  everything  in  its  path.  The  mixture  of 
dust  and  gas  behaves  in  many  ways  like  a  fluid.  The  exact  chemical 
composition  of  these  gases  remains  unsettled.  They  apparently  consist 
principally  of  steam  and  sulphurous  acid.”  ^ 

In  the  investigation  of  the  subject,  the  student  will  naturally  devote 
attention  specially  to  those  aspects  of  volcanic  action  which  have  more 
particular  geological  interest  from  the  permanent  changes  with  which 
they  are  connected,  or  from  the  way  in  which  they  enable  us  to  detect 
and  realise  conditions  of  volcanic  energy  in  former  periods. 

Fissures. — The  convulsions  which  culminate  in  the  formation  of  a 
volcanic  cone  sometimes  split  open  the  terrestrial  crust  by  a  more  or  less 
nearly  rectilinear  fissure,  or  by  a  system  of  fissures.  In  the  subsequent 
progress  of  the  mountain,  the  ground  at  and  around  the  focus  of  action 
is  liable  to  be  again  and  again  rent  open  by  other  fissures.  These  tend 
to  diverge  from  the  focus  ;  but  around  the  vent  where  the  rocks  have 
been  most  exposed  to  concussion,  the  fissures  sometimes  intersect  each 
other  in  all  directions.  In  the  great  eruption  of  Etna,  in  the  year  1CG9, 
a  series  of  six  parallel  fissures  opened  on  the  side  of  the  mountain.  One 
of  these,  with  a  width  of  two  yards,  ran  for  a  distance  of  1 2  miles,  in  a 
somewhat  winding  course,  to  within  a  mile  of  the  top  of  the  cone.- 
Similar  fissures  have  often  been  observed  on  Vesuvius  and  other  vol¬ 
canoes.^  A  fissure  sometimes  re-opens  for  a  subsequent  eruption. 

Two  obvious  causes  may  be  assigned  for  the  pushing  upward  of  a 
crater-floor  and  the  Assuring  of  a  volcanic  cone  : — (1)  the  enormous 
pressure  of  the  dissolved  vapours  or  gases  acting  upon  the  walls  and 
roof  of  the  funnel  and  convulsing  the  cone  by  successive  explosions  ;  and 
(2)  the  hydrostatic  pressure  of  the  lava-column  in  the  funnel,  which  may 
be  taken  to  be  about  120  lbs.  per  square  inch,  or  nearly  8  tons  on  the 
square  foot,  for  each  100  feet  of  depth.  Both  of  these  causes  may  act 

1  Anderson  and  Flett,  Proc.  Roy.  Soc.  Ixx.  (1902),  p.  444.  The  incandescent  dust  aiul 
sand,  mingled  with  vapours,  rolled  like  a  liquid  down  into  the  valleys  and  acciumdated 
there. 

^  For  fissures  on  Etna,  see  SUvestri,  Boll.  R.  Gaol.  Gom.  ItaJ.  1874. 

^  For  a  description  of  those  of  Iceland  (which  run  chiefly  N.E.  to  S.W.,  and  N.  to  S.), 
see  T.  Kjerulf,  Mag.  xxi.  p.  147.  The  great  Laki  fissure  of  1783  and  other  Icelandic 
chasms  are  further  noticed  in  the  account  of  fissure-eruptions  on  p.  342. 
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simultaneously,  and  their  united  elFect  has  been  to  uplift  enormous 
superincumbent  masses  of  solid  rock  and  to  produce  a  widespread  series  of 
long  and  continuous  fissures  reaching  from  unknown  depths  to  various 
distances  from  the  surface  and  even  opening  up  sometimes  on  the  surface. 
These  results  of  the  expansive  energy  of  volcanic  action  are  of  special 
interest  to  geologist,  for  he  encounters  evidence  of  similar  operations 
in  former  times  preserved  in  the  crnst  of  the  earth.  (See  Book  IV.  Part 
VII.  Sect,  i.) 

Into  rents  thus  formed,  the  water-substance  or  vapour  rises  with 
great  expansive  force,  accompanied  by  the  lava,  which  solidifies  there 
like  iron  in  a  mould.  Where  fissures  are  vertical  or  highly  inclined,  the 


F%.  41. — View  of  Lava-dykes,  V^'aHe  del  Hove,  Etna  (ALicii). 


igneous  rock,  on  solidification  there,  takes  the  form  of  rh/kes  or  veins; 
where  the  intruded  material  has  forced  its  way  more  or  less  in  a  horizontal 
direction  between  strata  of  buff,  beds  of  non-volcanic  sediment  or  flows 
of  lava,  it  takes  the  form  of  sheets  (sills)  or  beds.  The  clifis  of  many  an 
old  crater  show  how  marvellously  they  have  been  injected  by  such  veins, 
dykes  or  sheets  of  lava.  The  dykes  of  Somma,  and  the  Valle  del  Bove 
on  Etna  (Tig.  41),  which  have  long  been  known,  project  now  from  the 
softer  tuffs  like  walls  of  masonry.^  The  crater  cliffs  of  S'antorin  also 
present  an  abundant  series  of  dykes.  Occasionally  examples  may  be 
seen  of  dykes  which  have  risen  to  the  surface  in  their  fissures  and  then 
have  flowed  out  at  the  surface.  A.  section  showing  this  structure  was 
exposed  by  a  landslip  on  the  side  of  the  cone  of  Vesuvius  in  May  1885. 
Instances  have  likewise  been  observed  where,  after  being  injected  into  a 
’  S.  von  ^Valter/iliaiiseii,  ‘  Ber  Aetna,’  ii.  p.  ^341. 
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fissure  and  adhering  to  its  cool  walls,  the  still  fluid  lava  in  the  centre 
has  escaped  below,  leaving  a  hollow  dyke,  with  only  a  thin  crust  of  its 
substance  on  either  side. 

The  permanent  separation  of  the  walls  of  fissures  by  the  consolidation 
of  the  lava  that  rises  in  them  as  dykes  must  widen  the  dimensions  of  a 
cone,  for  the  fissures  are  not  due  to  shrinkage,  although  doubtless  the 
loosely  piled  fragmentary  materials,  in  the  course  of  their  consolidation, 
develop  lines  of  joint.  Sometimes  the  lava  has  evidently  risen  in  a  state 
of  extreme  fluidity,  and  has  at  once  filled  the  rents  prepared  for  it,  cool¬ 
ing  rapidly  on  the  outside  as  a  true  volcanic  glass,  l>ut  assuming  a  dis¬ 


tinctly  crystalline  structure  inside  (ante,  p.  2*36).  Dykes  of  this  kind, 
with  a  vitreous  crust  on  their  sides,  may  be  seen  on  the  crater-wall  of 
Somma,  and  not  uncommonly  among  basalt  dykes  in  Iceland  and  Scotland. 

In  other  cases,  the  lava  had  probably  already 
acquired  a  more  viscous  or  even  lithoid  char¬ 
acter  ere  it  rose  in  the  fissure,  and  in  this 
condition  was  able  to  push  asides  and  even 
contort  the  strata  of  tuff  through  which  it 
made  its  way  (Fig.  42).  There  can  be  little 
Fig.  43.— Section  of  Dykes  of  i^ava  doubt  that  in  the  architecture  of  a  volcano, 
vokaiiTc^Liie.^  dykes  must  act  the  part  of  huge  beams  ami 

girders  (Fig.  43),  binding  the  loose  tuffs  and 
intercalated  lavas  together,  and  strengthening  the  cone  against  the  effects 
of  subsequent  convulsions. 

From  this  point  of  view,  an  explanation  suggests  itself  of  the  observed 
alternations  in  the  character  of  a  volcano’s  eruptions.  These  alternations 
may  depend  in  great  measure  upon  the  relation  between  the  height  of 
the  cone,  on  the  one  hand,  and  the  strength  of  its  sides  on  the  other. 
When  the  sides  have  been  well  braced  together  by  interlacing  dykes,  and 
further  thickened  hy  the  spread  of  volcanic  materials  all  over  their  slopes, 
they  may  resist  the  effects  of  explosion  and  of  the  pressure  of  the  ascend¬ 
ing  laya-eolumn.  In  this  case,  the  volcano  may  find  relief  only  from  its 
summit  i  and  if  the  lava  flows  forth,  it  will  do  so  from  the  top  of  the 
cone.  As  the  cone  increases  in  elevation,  however,  the  pressure  from 
within  upoii  its  sides  augments.  Eventually  egress  is  once  more  estab- 
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lislied  on  the  flanks  by  means  of  fissures,  and  a  new  series  of  lava- 
streams  is  poured  out  over  the  lower  slopes  (^odea,  p.  331). 

In  the  deeper  portions  of  a  volcanic  vent  the  convulsive  efforts  of  the 
lava-column  to  force  its  way  upward  must  often  ]3ro(luce  lateral  as  well 
as  vertical  rifts,  and  into  these  the  molten  material  will  rush,  exerting  as 
it  goes  an  enormous  upward  pressure  on  the  mass  of  rock  overlying  it. 
At  a  modern  volcano  these  subterranean  manifestations  cannot  be  seen, 
bat  among  the  volcanoes  of  Tertiary  and  older  •  time  they  have  been 
revealed  hy  the  progress  of  denudation.  Some  of  these  older  examples 
teach  us  the  prodigious  upheaving  power  of  the  sheets  of  molten  rock  in¬ 
truded  between  volcanic  or  other  strata.  An  account  of  this  structure 
(sills,  laccolites),  with  reference  to  some  examples  of  it,  will  l)e  found  in 
Book  IV.  Part  VII. 

Though  lava  very  commonly  issues  from  the  lateral  fissures  on  a 
volcanic  cone,  it  may  sometimes  approach  the  surface  in  them  with¬ 
out  actually  flowing  out.  The  great  fissure  on  Etna  in  1669,  for 
example,  was  visible  even  from  a  distance,  by  the  long  line  of  vivid 
light  which  rose  from  the  incandescent  lava  within.  Again,  it  fre(xuerit]y 
happens  that  minor  volcanic  cones  are  thrown  up  on  the  line  of  a  fissure, 
either  from  the  congelation  of  the  lava  round  the  j)oint  of  emission,  or 
from  the  accumulation  of  ejected  scoriae  round  the  fissure- vent.  One  of 
the  most  remarkable  examples  of  this  kind  is  that  of  the  Jiaki  fissure  in 
Iceland,  to  which  more  special  reference  is  made  in  the  account  of  fissure- 
eruptions  (§  3,  ii.). 

Explosions. — Apart  from  the  appearance  of  visilile  fissures,  volcanic 
energy  may  he,  as  it  were,  concentrated  on  a  given  point,  which  will 
usually  be  tbe  weakest  in  the  structure  of  that  part  of  tlie  terr'cstrial  crust, 
and  from  which  the  solid  rock,  shattered  into  pieces,  is  liurled  into  the 
air  by  the  enormous  expansive  energy  of  the  volcanic  vapours  {'pade.a^  §  5, 
p.  353).  This  operation  bas  often  been  ol>servod  in  volcanoes  already 
formed,  and  has  even  been  witnessed  on  ground  previously  unoccupied  hy 
a  volcanic  vent.  The  history  of  the  cone  of  Vesuvius  brings  before  us 
a  succession  of  such  exi)losioris,  ])oginning  with  the  catastrophe  of  A.I>. 
79.  So  stupendous  were  the  eficcts  of  tliat,  or  })c>ssiljly  in  part  of  an 
earlier  explosion,  that  tbe  southern  half  of  the  ancient  crater  was  blown 
away,  and  even  now,  in  spite  of  all  the  lava  and  ashes  that  have  been 
poured  out  during  the  last  eighteen  cenbiu’ies,  the  site  of  that  crater 
remains  unfilled  up  and  still  half-en circled  by  its  gigantic  wall  (.Fig.  44). 
At  every  successive  important  eruption,  a  similar  but  minor  (>])cr*ation 
takes  place  within  the  present  cone.  Ihe  hardened  cake  of  lava  forming 
the  floor  is  burst  open,  and  with  it  there  usually  disappears  much  of  the 
upper  part  of  the  cone,  and  sometimes,  as  in  187  2,  a  large  segment  of 
the  crater-wall.  The  great  explosion  at  the  heginning  of  our  era  was 
followed  by  about  1500  years  of  comparatively  feeble  activity,  wh(3u  the 
volcano  relapsed  into  the  Solfataric  phase  or  l)ccain6  oven  more  <|uiescent. 
In  1631  came  another  great  explosion,  which  brought  tbe  long  interval 
of  quietude  to  an  end  and  ushered  in  a  period  of  more  or*  less  continued 
activity,  the  Solfataric  and  Strombolian  phases  alternating,  but  varied 
VOL.  I  u 
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now  and  then  by  a  more  vigorous  (Plinian)  display  of  explosive  and 
eruptive  energy. 

The  Valle  del  Bove  oa  the  eastern  flank  of  Etna  is  a  chasm  prohahly  due  mainly  to 
some  gigantic  prehistoric  explosion.  1  The  islands  of  Santorin  (Figs.  64  and  65)  bring 
before"^  us  evidence  of  a  prehistoric  catastrophe  of  a  similar  nature,  by  which  a  large 
volcanic  cone  was  blown  up.  The  existing  outer  islands  are  a  chain  of  fragments  of  the 
periphery  of  the  cone,  the  centre  of  which  is  now  occupied  by  the  sea.  In  the  year  1538 
a  new  volcano,  Monte  N'uovo,  was  formed  in  24  hours  on  the  margin  of  the  Bay  of 
Naples."  An  opening  was  drilled  by  successive  exjdosioiis,  and  such  quantities  of  stones, 
scorise  and  ashes  were  thrown  out  from  it  as  to  form  a  hill  that  rose  489  English  feet 
above  the  sea -level,  and  was  more  than  a  mile  and  a  half  in  circumference.  The  largcn* 


Fig.  44. — View  of  Vesuvius  from  tlu*  soutli, 
showing  the  remaining  part  of  the  old  crater- wall  of  Soniiiia  behiml. 


part  of  the  famous  Lucrine  Lake  was  filled  up  with  the  ejected  materials.  Most  of  the 
fragments  now  to  be  seen  on  the  slopes  of  this  cone  and  inside  its  beautifully  pe.rfeed 
■crater  are  of  various  volcanic  rocks,  many  of  them  being  black  scoriae  ;  but  pieces  of 
Roman  pottery,  together  with  fragments  of  the  older  underlying  tuff,  and  some  marine 
shells,  have  been  obtained — doubtless  part  of  the  soil  and  subsoil  dislocated  and  ejiudcd 
during  the  explosions.^ 

The  most  stupendou.s  volcanic  explosion  on  record  was  that  of  Krakatoa  in  the  Hmida 
Strait  on  the  26th  and  27th  of  August  1883.^  After  a  series  of  convulsions,  the  greater 
portion  of  the  island  was  blown  out  with  a  succession  of  terrific  detonatioiiB  wliich  were 
heard  more  than  150  miles  away,  and  the  effect  of  which  was  to  crack  walls  and 
windows  in  Batavia  at  a  distance  of  100  miles.  A  mass  of  matter,  (istimated  at  about  1 J 

^  ‘Der  Aetna,’  p.  400.  Such  vast  explosion-craters  are  termed  Calderas  (p.  326). 

2  Sir  W.  Hamilton’s  ‘Campi  Plilegr§.ei, ’  p.  70;  Lyell’s  ‘Principles,’  i.  i\  606.  On 
the  volcanoes  of  the  phlegraban  eields  see  Scrope’s  ‘Volcanoes,’  pp.  179,  247,  249,  315  ; 
R.  T.  Griinther,  Oeograph,  Journ.  Oct.-Nov.  1897  ;  G.  de  Lorenzo  and  C.  Riva,  “11  craterc 
di  Vivara,”  Atti  Accad.  Sd.,  Naples,  x.  (1900)  ;  G.  de  Lorenzo,  “  Considerazioni  dell’  origine 
superficiale  dei  Vulcani.”  ibid.  xi.  (1902)  ;  a  good  bibliography  of  the  district  will  he  found 
in  Dr.  Johnston- Lavis’  ‘  Southern  Italian  Volcanoes.’ 

^  There  is  a  notice  by  C.  de  Stefani,  “  La  villa  di  Cicerone  ed  nn  fenomeno  precursore 
air  eruzione  del  Monte  Nuovo,”  Atti  Accad.  Lincei^  3rd  March  1901,  p.  128. 

^  See  ‘The  Eruption  of  Krakatoa,’  by  a  Committee  of  the  Royal  Society,  1888.  ‘  Krakatau,’ 

R.  D.  M.  Verbeck,  Batavia,  1887. 
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cubic  mile  in  bulk,  was  liurled  into  the  air  in  the  form  of  lapilli,  ashes,  and  the  finest 
volcanic  dust.  The  effects  of  this  volcanic  outburst  were  mai'ked  both  upon  the  atmo¬ 
sphere  and  the  ocean.  A  series  of  barometrical  disturbances  passed  round  the  globe  in 
opposite  directions  from*the  volcano  at  the  rate  of  about  700  miles  an  hour.  The  air¬ 
wave,  travelling  from  east  to  west,  is  supposed  to  have  passed  three  and  a  quarter  times 
round  the  earth  (or  82,200  miles)  before  it  ceased  to  be  perceptible.^  The  sea  in  the 
neighbourhood  was  thrown  into  waves,  one  of  which  was  computed  to  have  risen  more 
than  100  feet  above  tide-level,  destroying  towns,  villages,  and  36,380  people.  Oscilla¬ 
tions  of  the  water  were  perceptible  even  at  Aden,  3800  geographical  miles  distant ;  at 
Port  Elizabeth  in  South  Africa,  4690  miles ;  and  among  the  islands  of  the  Pacific  Ocean  ; 
and  they  are  computed  to  have  travelled  in  mid-ocean  with  a  velocity  averaging  from  100 
to  800  geographical  miles  in  the  hour.- 

In  the  year  1886  the  volcanic  district  of  Hew  Zealand  was  the  scene  of  a  sudden  and 
violent  explosion.  Previous  to  that  time  the  site  had  been  known  as  one  in  which  the 
usual  closing  manifestations  of  volcanic  energy  were  displayed.  Hot  sjorings  had  built 
up  a  succession  of  geyserite  terraces,  and  it  seemed  as  if  no  further  eruption  need  be 
expected.  But  suddenly,  after  a  few  pi'eliminary  shocks,  a  territic  explosion  took  place  ; 
vast  (quantities  of  sand  and  ashes  with  fragments  of  rock  were  hurled  into  the  air  ;  a 
chasm  2000  feet  long,  500  feet  broad  and  300  feet  deep  was  blown  out  of  the  southern* 
slopes  of  j\I(mnt  Tarawera,  and  was  prolonged  across  the  site  of  Lake  Rotamahana,  which 
disappeared.  Seven  powerful  geysers  sprang  up  on  this  chasm  and  hurled  their  columns 
of  hoiliiig  water,  steam,  stones  and  mud  to  a  height  of  600  or  800  feet.  After  only 
about  four  hours  the  paroxysm  was  at  an  end,  though  vast  volumes  of  steam  continued  to 
rise  from  the  vents  that  liad  been  opened,  and  tlie  fairy-like  terrac(is  of  geyserite  were 
found  to  have  been  destroyed,  their  site  being  buried  under  mud  and  dtibris.  Ho  lava 
flowed  out ;  steam  appears  to  have  been  the  great  agent  in  the  ex}>losion.‘* 

Another  stupendous  display  of  explosive  energy  took  plac(‘  on  15th  July  1888,  at  the 
dormant  volcano  of  Bandaisan  in  Horthera  Japan,  at  which  no  great  eruptions  had 
occurred  for  more  than  ten  centuries.  In  a  season  of  calm  weather  faint  rumbling  noises 
were  flrst  heard,  followed  by  a  tolerably  severe  earthquake,  soon  after  which  a  succession 
of  15  or  20  terrific  exqdosions  shook  the  ground,  and  sent  a  vast  column  of  steam  and 
dust  into  the  air.  A  largo  part  of  the  mouutiiiii  was  l>rokeii  iqi  and  the  fragments  were 
launched  forward  as  a  vast  deluge  of  rocks  and  earth.  It  was  computed  that  aljout 
2800  million  tons  of  niat(irial  were  thus  disqdaced."^ 

It  is  not  necessary,  and  apparently  it  seldom  happens,  that  any  liquid 
lava  is  erupted  l)y  such  stupendous  exjdosions  that  shatter  the  rocks 
through  which  the  funnel  passes.  In  none  of  tlu^  eases  just  cited  is  there 
any  record  of  the  outflow  of  molten  rock.  A  similar  fact  is  observalile 
among  the  volcanic  vents  of  former  geological  periods.  Thus,  among  the 
eones  of  the  extinct  volcanic  tract  of  the  Eifel,  some  occur  which  consist 
entirely,  or  nearly  so,  of  comminuted  debris  of  the  surrounding  Devonian 
greywacke  and  slate  through  which  the  various  volcanic  vents  have 
been  opened  (see  pp.  326,  748).  Evidently,  in  such  cases,  only  elastic 

^  Scott  and  Strachey,  Proc.  Hoy.  Sue.  xxxvi.  (1883).  Royal  Soeiefy’sNie^wrt,  p.  57. 

^  Admiral  Wharton,  Ruyal  Societi/s  Report,  p.  89.  Xatimi,  xxxix.  (1889),  p.  303. 

^  The  eruption  of  Tarawera,  New  Zealand,  in  1886,  is  described  by  Professor  A,  P.  W. 
Thomas,  ‘Reqmrt  ou  the  Eriqflion  of  Tarawera,’  published  by  the  Government  in  1888  :  also 
Professor  Hutton’s  ‘  Report  ou  the  TaraAvera  Volcanic  District,’  Wellington,  1887 ;  Q.  J.  G.  S. 
xliii.  (1887),  p.  178. 

S.  Sekiya  and  Y.  Kikiichi,  ‘The  Eruption  of  Bandaisan,’  Jaarji.  Gall.  Set.  htq).  U'nw. 
Japan,  voL  iii.  q)art  ii.  (1889). 
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vapours  forced  their  way  to  the  surface ;  and  we  see  what  probably  often 
takes  place  in  the  early  stages  of  a  volcano’s  history,  though  the  frugments 
of  the  underlying  disrupted  rocks  are  in  most  instances  buried  and  lost 
under  the  far  more  abundant  subsequent  volcanic  materials.  Sections  of 
small  ancient  volcanic  ‘"necks”  or  pipes  sometimes  afford  an  excellent 
opportunity  of  observing  that  these  orifices  were  originally  opened  by 
the  blowing  out  of  the  solid  crust  and  not  by  the  formation  of  fissures. 
Examples  will  be  cited  in  later  pages  from  Scottish  volcanic  areas  of  Old 
Red  Sandstone,  Carboniferous  and  Permian  age.  The  orifices  arc  there 
filled  with  fragmentary  materials,  wherein  pieces  of  the  surrounding  and 
underlying  rocks  form  a  noticeable  proportion^  (p.  750). 

A  striking  feature  of  volcanic  explosions  is  their  sudden  and  Ijrief 
character.  With  little  or  no  warning  a  communication  is  violently 
effected  between  the  heated  interior  of  the  globe  and  the  atmosphere 
outside,  half  a  mountain  is  blowm  away  or  a  new  cone  is  thrown  up,  and 
after  a  few  hours  or  days  of  activity  the  vent  relapses  again  into  a 
quiescence,  which  may  once  more  last  for  centuries.  The  case  of  Monte 
Xuovo  is  full  of  suggestiveness  in  regard  to  the  conditions  undei*  which 
volcanic  vents  may  have  been  formed  in  past  geological  times.  Here  was 
an  instance  of  the  drilling  of  a  volcanic  funnel  and  the  piling  u])  of  a  cone 
around  it  to  a  height  of  nearly  500  feet  in  the  course  of  a  single  day.  It 
is  probable  that  many  of  the  “necks”  just  referred  to  as  marking  the 
sites  of  Palaeozoic  eruptions,  are  the  records  of  equally  sudden  and 
transitory  explosions.  In  such  cases,  we  are  perhaps  presented  with 
comparatively  superficial  efiects  of  volcanic  energy,  due  to  the  access  of 
water  to  the  magma  within  the  crust  and  the  consequent  generation  of 
superheated  water-vapour,  which  eventually  explodes,  but  without  pouring 
forth  the  molten  rock  at  the  surface. 

Showers  of  Dust  and  Stones. — A  communication  having  been  opened, 
either  by  fissuring  or  explosion,  between  the  heated  interior  and  the  surface, 
fragmentary  materials  are  commonly  ejected  from  it,  consisting  at  first 
mainly  of  the  rocks  through  which  the  orifice  has  been  opened,  aftcu’wards 
of  volcanic  substances.  In  a  great  eruption,  vast  numbers  of  red-hot 
stones  are  shot  up  into  the  air,  and  fall  back  partly  into  the  crater  and 
partly  on  the  outer  slopes  of  the  cone.  According*^  to  Sir  W.  Hamilton, 
cinders  were  thrown  by  Yesuvius,  during  the  eruption  of  1779,  to  a 
height  of  10,000  feet.  Instances  are  known  where  large  stones,  ejected 
obliquely,  have  described  huge  parabolic  curves  in  the  air,  and  fallen  at 
a  great  distance.^  Stones  8  lbs.  in  weight  occur  among  the  ashes  which 
buried  Pompeii.  The  volcano  of  Antuco  in  Chili  is  said  to  send  stones 
flying  to  a- distance  of  36  0)  miles;  Cotopaxi  is  reported  to  have  hurled 
a  200-ton  block  9  miles  and  the  Japanese  volcano,  Asama,  is  said  to 

1  Trans,  Roy.  Soc.  Edin.  x.xix.  p.  458;  Quart.  Journ.  Geal.  Soc.  (1892)  Prenident'H 

Addresfs,  pp.  86,  118,  135,  143,  153.  ’ 

2  For  a  calculation  of  tlie  parabola  described  by  some  of  tlie  stones  projected  from  tbe 
crater  of  Vuleano  during  tbe  eruption  of  1888-90,  see  G.  Grablovitz  in  ‘  Le  Eruzioni  delff 
Isola  di  Vuleano,’  p.  138. 

^  D.  Forbes,  Qeol.  Mag.  vii.  p.  320. 
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have  ejected  many  blocks  of  stone,  measuring  from  40  to  more  than  100 
feet  in  diameter.^ 

Eut  in  many  great  eruptions,  besides  a  constant  shower  of  stones  and 
scoriae,  a  vast  column  of  exceedingly  fine  dust  rises  out  of  the  crater, 
sometimes  to  a  height  of  several  miles,  and  then  spreads  outwards  like 
a  sheet  of  cloud.  The  remarkable  fineness  of  this  dust  may  be  understood 
from  the  fact  that  during  great  volcanic  explosions  no  boxes,  watches,  or 
close-fitting  joints  have  been  found  to  be  able  to  exclude  it. 

Mr.  Wliyniper  collected  some  dust  that  fell  65  miles  away  from  Cotopaxi,  and 
which  was  so  fine  that  from  4000  to  25,000  particles  were  required  to  weigh  a  grain. ^ 
So  dense  is  the  dust-cloud  as  to  obscure  the  sun,  and  for  days  together  the  darkness  of 
night  may  reign  for  miles  around  a  volcano.  In  1822,  at  Vesuvius,  the  ashes  not 
only  fell  thickly  on  the  villages  round  tlie  base  of  the  rnonntaiii,  but  travelled  as  far  as 
Ascoli,  which  is  56  Italian  miles  distant  from  the  volcano  ou  one  side,  and  as  Casano, 
105  miles  on  the  other.  The  eruption  of  Coto})axi,  on  26th  June  1S77,  began  by  an 
explosion  that  sent  up  a  column  of  hue  ashes  to  a  prodigious  height  into  tlie  air,  where 
it  rapidly  sju’ead  out  and  formed  so  dense  a  canopy  as  to  throw  the  I’cgion  belov^  it  into 
total  darkness.'^  So  quickly  did  it  diffuse  itself,  that  in  an  hour  and  a  half,  a  previously 
bright  morning  became  at  Quito,  33  miles  distant,  a  dim  twilight,  Avhicli  in  tlie  after¬ 
noon  passed  into  such  darkness  that  the  hand  i)laced  before  the  eye  could  not  he  seen. 
At  Guayaquil,  on  the  coast,  150  miles  distant,  the  shower  of  ashes  continued  till  the 
1st  of  July.  Dr.  Wolf  collected  the  ashes  daily,  and  estimated  that  at  tliat  place  there 
fell  315  kilogrammes  on  every  square  kilometre  during  the  first  thirty  liours,  and  on 
the  30th  of  June  209  kilogrammes  in  twelve  hours. During  a  much  less  inqiortant 
eruption  of  the  same  inouutain  on  the  3rd  of  July  18<S0,  the  amount  of  volcanic  dust 
ejected,  according  to  Mr.  Whymper,  could  not  have  l)een  less,  and  was  probably  vastly 
more,  than  two  millions  of  tons,  equivalent  to  a  mass  of  lava  containing  more  tlian 
150,000  cubic  feet.*'’ 

The  explosion  of  Krakatoa  in  August  1883  was  aec.ompanied  ])y  the  discharge  of 
enormous  quantities  of  volcanic  dust,  some  of  which  was  carric.d  to  vast  distances.  It 
was  estimated  that  the  clouds  of  line  dust  were  hurled  from  tliat  volcano  to  a  height  of 
17  miles,  and  the  darkness  which  they  caused  extended  for  150  inilcs  from  the  focus  of 
eruption.  The  dilfusioii  and  continued  suspension  of  the  finer  particles  of  this  dust 
ill  the  upper  air  has  been  regarded  as  the  probable  cause  of  the  I'cniarkalily  Inilliant 
sunsets  of  the  following  winter  and  spring  over  a  large  part  of  the  earth’s  surface.*’ 
One  of  the  most  stupendous  outpourings  of  volcanic  aslies  on  record  took  ]dace,  after  a 
quiescence  of  26  years,  from  the  volcano  Coseguina,  in  Nicaragua,  during  the  early  part 
of  the  year  1835.  On  that  occasion,  utter  darkness  prevailed  over  a  circle  of  35  miles’ 
radius,  the  ashes  falling  so  thickly  that,  even  8  leagues  from  the  mountain,  they  covered 
the  ground  to  a  depth  of  about  10  feet.  It  was  estimated  that  the  rain  of  dust  and 

^  J.  Milne,  Seisju.  JSoc.  Japan,  ix.  p.  179,  where  an  excellent  account  of  the  volcanoes  of 
Japan  is  given.  See  also  ‘The  Volcanoes  of  Japan,’  by  J.  Milne  and  W.  K.  Burton  (1892). 

Royal  Society  Report  on  Krakatoa,  p,  183. 

^  During  the  comparatively  insiguificaiit  eruption  of  this  volcano  in  1880  Mr.  Wliymper 
noticed  that  a  column  of  inky  blackness,  formed  doubtless  of  volcanic  dust,  went  straight 
up  into  the  air  with  such  velocity  that  in  less  than  a  minute  it  had  risen  20,000  feet  aliove 
the  rim  of  the  crater,  or  40,000  feet  above  the  sea.  ‘Travels  amongst  the  Great  Andes,’ 
p.  322. 

^  Neues  Jahrb.  1878,  p.  141.  An  account  of  this  eruption  is  given  by  Mr.  Whyini>er  in 
Ids  ‘Travels  amongst  the  Great  Andes,’  chap.  vi. 

®  ‘Travels  amongst  the  Great  Andes,’  p.  328. 

®  Royal  Society  Report,  p]».  151-463. 
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sand  fell  over  an  area  at  least  270  geograidiical  miles  in  diameter.  Some  of  the  finer 
materials,  thrown  so  high  as  to  come  within  the  influence  of  an  npiier  air-current,  weri^ 
borne  away  eastward,  and  fell,  four  days  afterwards,  at  Kingston  in  Jamai(!a~---a 
distance  of  700  miles.  During  the  great  eruption  of  Sumhawa,  in  1815,  the  dust  and 
stones  fell  over  an  area  of  nearly  one  million  square  miles,  and  were  estimated  1)y 
Zollinger  to  amount  to  fully  fifty  cubie  miles  of  material,  and  by  Junghuliu  to  bo 
equal  to  one  hundred  and  eighty-five  mountains  lihe  Vesuvius.  Towards  the  end  of 
last  century,  during  a  time  of  great  disturbance  among  the  Japanese  volcanoes,  one  of 
them,  Sakurajima,  threw  out  so  much  pumiceous  material  that  it  was  possible  to  walk 
a  distance  of  23  miles  upon  the  floating  didnis  in  the  sea. 

An  inquiry  into  the  origin  of  these  showers  of  fragmentary  materials 
brings  vividly  before  us  some  of  the  essential  features  of  volcanic  action. 
We  find  that  bombs,  slags,  and  lapilli  may  be  thrown  up  in  companitively 
tranquil  states  of  a  volcano,  but  that  the  showers  of  fine  dust  are  dis¬ 
charged  with  greater  violence,  and  only  appear  w^hcn  the  volcajio  becomes 
more  energetic.  Thus,  at  the  constantly,  but  quietly,  acti\'e  volcano  of 
Stromboli,  where  the  column  of  lava  in  the  pipe  may  be  wa-tched  rising 
and  falling  with  a  slow  rhythmical  movement,  the  surface  of  the 
lava  swells  up  into  blisters  several  feet  in  diameter,  which  hy  and  liy 
burst  with  a  sharp  explosion  that  makes  the  walls  of  the  cr‘at(jr  vi))iute. 
A  cloud  of  steam  rushes  out,  carrying  with  it  hundreds  of  fragmcmts  of 
the  glowing  lava,  sometimes  to  a  height  of  1200  feet.  It  is  hy  the*,  ascent 
of  steam  through  its  mass,  that  a  column  of  lava  is  kept  lioiling  at  the 
bottom  of  the  crater ;  and  by  the  explosion  of  successive  larger  hiihliles  of 
steam,  that  the  various  bombs,  slags,  and  fragments  of  lava  arc  torn  off 
and  tossed  into  the  air.  It  has  often  been  noticed  at  Vesuvius  that  each 
great  concussion  is  accompanied  hy  a  huge  ball-like  cloud  of  steam  which 
rushes  up  from  the  crater.  Doubtless  it  is  the  sudden  escape;  of  that 
steam  which  causes  the  explosion. 

Differences  in  the  amount  of  absorbed  gases  and  vapours  and  also 
varying  degrees  of  liquidity  or  viscosity  in  the  lava  i)rol)ably  affect  the 
force  of  explosions.  Minor  explosions  and  accompanying  scoria^  are 
abundant  at  Vesuvius,  where  the  lavas  are  comparatively  viscid  ;  tli(‘y 
are  almost  unknown  at  Kilauea,  where  the  lava  is  reraarkal)]y  ]i((uid. 

In  tranquil  conditions  of  a  volcano,  the  steam,  whether  collecting  into 
larger  or  smaller  vesicles,  works  its  way  upward  through  the  substance 
of  the  molten  lava;  and  as  the  elasticity  of  this  compressed  vapotir  ov<*r- 
comes  the  pressure  of  the  overlying  lava,  it  escapes  at  the  surface,  and 
there  the  lava  is  thus  kept  in  ebullition.  But  this  comparativ^cJy  qui(;t 
operation,  which  may  be  watched  within  the  craters  of  many  active 
volcanoes,  does  not  produce  clouds  of  fine  dust.  The  collision  or  friction 
of  millions  of  stones  ascending  and  descending  in  the  dark  column  above 
the  crater  doubtless  gives  rise  to  much  dust  and  sand.  But  the  explosive 
action  of  steam  is  probably  the  main  cause  of  the  production  of  these 
materials.  The  aqueous  vapour  or  water-gas  which  is  so  largely  dissoh'ed 
m  many  lavas  must  exist  within  the  lava-column,  under  an  enormoim 
pressure,  at  a  temperature  far  above  its  critical  point  (p.  267),  even  at  a 
white  heat,  and  therefore  probably  in  a  state  of  dissociation.  The  sudden 
ascent  of  lava  so  constituted  relieves  the  pressure  rapidly  without  sensibly 
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affecting  the  temperature  of  the  mass.  Consequently,  the  white-liot  gases 
or  Tapoiirs  at  length  explode,  and  reduce  the  molten  mass  to  the  hnest 
powder,  like  water  shot  out  of  a  guii.^ 

Evidently  no  part  of  the  operations  of  a  volcano  has  greater  geological 
significance  than  the  ejection  of  such  enormous  quantities  of  fragmentary 
matter.  In  the  first  place,  the  fall  of  these  loose  materials  round  the 
orifice  of  discharge  is  one  main  cause  of  the  growth  of  the  volcanic  cone. 
The  heavier  fragments  gather  around  tlie  vent,  and  there  too  the  thickest 
accumulation  of  dust  and  sand  takes  place.  Hence,  though  successive 
explosions  may  blow  out  the  upper  part  of  the  crater-walls  and  prevent 
the  mountain  from  growing  so  rapidly  in  height,  every  eruption  will 
increase  the  diameter  of  the  cone,  save  in  the  occasional  gigantic  explo¬ 
sions,  when  half  of  a  volcano  may  be  blown  away.  In  the  second  place^ 
as  every  shower  of  dnst  and  sand  adds  to  the  height  of  the  ground  on 
which  it  falls,  thick  volcanic  acciiinuktions  may  he  formed  far  beyond 
the  base  of  the  mountain.  The  volcano  of  Sangay,  in  Ecua<lor,  for  in¬ 
stance,  is  said  to  have  buried  the  country  around  to  a  depth  of  4000  feet 
under  its  ashes.-  In  such  loose  deposits  are  entombed  ti-ees  and  other 
kinds  of  vegetation,  together  with  the  bodies  of  animals,  as  well  as  the 
works  of  man.  Such  deposits  not  only  bear  witness  to  the  volcanic 
eruptions  that  produced  them,  hut  prt'serve  a  record  of  the  land-surfaces 
over  which  they  spread.  In  the  third  place,  besides  the  distance  to^ 
which  the  fragments  may  be  hurled  hy  volcanic  explosions,  or  to  which 
they  may  he  diffused  hy  the  ordinary  surface  winds,  we  have  to  take 
into  account  the  vast  spaces  across  which  the  finer  dust  is  sometimes 
borne  by  upper  air-cnrrents. 

In  the  install  CO  already  cited,  ashes  from  Coseguiiia  fell  700  miles  away,  having  been 
carried  all  that  long  distance  by  a  high  couiitci*-ciinT*iit  of  air,  moving  apparently  at 
the  rate  of  about  seven  miles  an  hour  in  an  opposite  direction  to  that  of  the  wind 
which  blew  at  the  surface.  Hy  the  Surubava  erii[)tioii,  also  i-d'errecl  to  above,  the 
sea  west  of  Sumatra  was  covered  witli  a  layer  of  ashes  two  feet  thielv.  On  several 
occasions  ashes  from  Icelandic  volcanoes  have  fallen  so  thickly  between  the  Orkney  and 
Shetland  Islands,  that  vessels  passing  there  liave  hud  the  unwonted  de])0sit  .shovelled 
off  their  decks  in  the  morning.  In  the  year  1783,  during  the  memorable  eruption  of 
Skaptar-Jokull,  so  vast  an  amount  of  line  dust  wa.s  ejected  that  the  atmosphere  over 
Iceland  continued  loaded  with  it  for  months  afterwards.  It  fell  in  such  quantities  over 
parts  of  Caithness — a  distance  of  600  miles — as  to  destroy  the  crops  ;  that  year  is  still 
spoken  of  by  the  inhabitants  as  the  year  of  ‘Hhe  ashie.”  A  similar  deposit  has  from 
time  to  time  fallen  in  IN  or  way,  and  even  as  far  as  Holland.'^  Hence  it  is  evident  that 
volcanic  accumulations  may  take  place  in  regions  many  hundreds  of  miles  distant  from 
any  active  volcano.  A  single  thin  layer  of  volcanic  detritus  in  a  group  of  sedimentary 
strata  would  not  thus  of  itself  prove  the  existenee  of  conteiuxmraneous  volcanic  action  in 

^  Messrs.  Murray  and  Renard  {Proc,  Roy.  Edin.  xii.  (1884:),  p.  480)  concluded  thc'it 
the  fragmentary  condition  and  the  fre.sli  fractures  of  the  dust -particles  of  the  Krakatoa 
eruption  were  due  to  a  tension  phenomenon,  'which  affects  these  vitreous  matters  in  a  manner 
analogous  to  what  is  observed  in  “  Rnperfs  drops."’ 

^  H.  Forbes,  Qool.  May,  vii.  p.  320. 

®  Hordenskibld,  Geol.  May.  (2),  iii.  p.  292.  G.  voni  Hath,  MmiaLsh.  K.  Preuss,  Alnd. 
Wiss.  1876,  p.  282.  Meues  Tahrh.  1876,  p.  52;  awd  joofitea,  ]).  445. 
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its  neighbourhood.  Failing  other  proof  of  adjacent  volcanic  activity,  it  might  have 
been  wind-borne  from  a  volcano  in  a  distant  region. 

Outflow  of  Lava. — This  appears  to  be  immediately  due  to  the  expan¬ 
sion  of  the  absorbed  vapours  and  gases  in  the  molten  rock.  Though,  under 
the  conditions  which  lead  to  great  volcanic  explosions,  these  vapours  may 
reach  the  surface,  without  an  actual  outcome  of  lava,  yet  so  intimately 
are  vapours  and  lava  commingled  in  the  subterranean  reservoirs,  that  in 
the  normal  phase  of  continued  volcanic  activity  they  commonly  rise 


together,  and  the  explosions  of  the  one  lead  to  the  outflow  of  the  other. 
The  first  point  at  whicli  the  lava  makes  its  appearance  at  the  (surface 
will  largely  depend  upon  the  structure  of  the  ground.  Two  causes  have 
been  assigned  on  a  foregoing  page  (p.  286)  for  the  Assuring  of  a  volcanic 
cone.  As  the  molten  mass  rises  within  the  chimney  of  the  volcano, 
continued  explosions  of  vapour  take  place  from  its  upper  surface.  The 
violence  of  these  may  be  inferred  from  the  vast  clouds  of  steam,  ashes, 
and  stones  hurled  to  so  great  a  height  into  the  air,  and  from  the  con- 
cussions  of  the  ground,  which  may  be  felt  at  distances  of  more  than 
yO  mys  from  the  volcano.  It  need  not  be  a  matter  of  surjirise,  there¬ 
fore,  toat  the  sides  of  a  great  vent,  exposed  to  shocks  of  such  intensity, 
should  at  last  give  way,  and  that  large  divergent  fissures  should  bo  opened 
down  the  cone.  Again,  the  hydrostatic  pressure  of  the  column  of  lava 
must,  y  a  depth  of  1000  feet  below  the  top  of  the  column,  exert  a  pres- 
yre  of  between  70  and  80  tons  on  each  square  foot  of  the  surrounding 
wal  s  (p  286).  We  may  well  believe  that  such  a  force,  acting  upon  the 
waUs  of  a  funnel  already  shattered  by  a  succession  of  terrific  explosions 
may  prove  too  great  for  their  resistance.  When  this  happens,  the  lava 


SECT,  i  §  2 


OUTFLOW  OF  LAVA 


297 


pours  forth  from  the  outside  of  the  cone.  On  a  much-fissured  cone,  lava 
may  issue  freely  from  many  points,  so  that  a  volcano  so  affected  has  been 
graphically  described  as  “sweating  fire.” 

In  a  lofty  volcano,  lava  occasionally  rises  to  the  lip  of  the  crater  and 
flows  out  there ;  but  more  frequently  it  escapes  from  some  fissure  or  ori¬ 
fice  in  a  weak  part  of  the  cone.  In  minor  volcanoes,  on  the  other  hand, 
where  the  explosions  are  less  violent,  and  where  the  thickness  of  the 
cone  in  proportion  to  the  diameter  of  the  funnel  is  often  greater,  the 
lava  very  commonly  rises  into  the  crater.  Should  the  crater- walls  be 
too  weak  to  resist  the  pressure  of  the  molten  mass,  they  give  way,  and 
the  lava  rushes  out  from  the  breach.  This  is  seen  to  have  happened  in 


Pig.  46. — View  of  one  of  the  Tuff-cones  of  Auvergne,  brolcen  down  on  one-  side  hy  tiie  escape  of  a 
stream  of  Lava.  (After  *Scrope.) 

several  of  the  puys  of  Auvergne,  so  well  figured  and  described  by  Scrope 
(Fig.  46).  But  if  the  crater  be  massive  enough  to  withstand  the  pressure, 
the  lava  may  at  last  flow  out  from  the  lowest  part  of  the  rim. 

In  a  tall  column  of  molten  lava,  there  may  be  a  variation  in  the 
density  of  its  different  parts,  the  heaviest  naturally  gravitating  to  the 
bottom.  It  has  been  observed  by  Ch.  Yhlain  that  at  the  Isle  of  Bourbon 
(Reunion),  the  lavas  escaping  from  the  l)ase  of  the  volcanic  cone  are 
denser  and  more  basic  than  those  which  flow  out  from  the  lip  of  the 
crater.^ 

As  soon  as  the  molten  rock  reaches  the  surface,  the  superheated  water- 
vapour  or  gas,  dissolved  within  its  mass,  escapes  copiously,  and  hangs  as  a 
dense  white  cloud  over  the  moving  current.  The  lava-streams  of  Vesuvius 
sometimes  appear  with  as  dense  a  steam-cloud  at  their  lower  ends  as  that 
which  escapes  at  the  same  time  from  the  main  crater.  Even  after  the 
molten  mass  has  flowed  several  miles,  steam  continues  to  rise  abundantly 
both  from  its  end  and  from  numerous  points  along  its  surface,  and 
continues  to  do  so  for  many  weeks,  months,  or  it  may  be  for  several 
years. 

Should  the  point  of  escape  of  a  lava-stream  lie  well  down  on  the  cone, 
far  below  the  summit  of  the  lava-column  in  the  funnel,  the  molten  rock, 

^  ‘Les  Volcans,’  ]).  36.  For  reference.s  relating  to  this  island,  see  p.  323. 


298 


DYNAMICAL  GEOLOGY 


T300K  in  PART  I 


on  its  first  6scap6j  driven  by  hydrostatic  pressure,  will  sometimes  spout 
up  high  into  the  air — a  fountain  of  molten  rock.  This  was  observed  in 
1794  on  Vesuvius,  and  in  1832  on  Etna.  In  the  eruption  of  1852  at 
Mauna  Loa,  an  unbroken  fountain  of  lava,  from  200  to  700  feet  in  height 
and  1000  feet  broad,  burst  out  at  the  base  of  the  cone.  Similar^  “  geysers 
of  molten  rock  have  subsequently  been  noticed  in  the  same  region.  Thus 
in  March  and  April  1868,  four  fiery  fountains,  throwing  lava  to  heights 
varying  from  500  to  lUOO  feet,  continued  to  play  for  several  weeks. 
According  to  Mr.  Coan,  such  outbursts  take  place  from  the  bottom  of  a 
column  of  lava  3000  feet  high.  The  volcano  of  Mauna  Loa  strikingly 
illustrates  another  feature  of  volcanic  dynamics  in  the  position  and  out- 


Fig.  47.— View  of  portion  of  a  Lava-stream  on  Vesuvius  (Abic.h). 


flow  of  lava.  It  bears  upon  its  flanks  at  a  distance  of  20  miles,  but 
10,000  feet  lower,  the  huge  crater  Kilauea.  As  Dana  has  pointed  out, 
these  orifices  form  part  of  one  mountain,  yet  the  column  of  lava  stands 
10,000  feet  higher  in  one  conduit  than  in  the  other.  On  a  far  smaller 
scale  the  same  independence  occurs  among  the  several  pipes  of  some  of 
the  geysers  in  the  Yellowstone  region  of  North  America. 

From  the  wide  extent  of  basalt-dykes,  such  as  those  of  Tertiary  age 
in  Britain,  which  rise  to  the  surface  at  a  distance  of  200  miles  from  the 
main  rerfinants  of  the  volcanic  outbursts  of  their  time,  and  are  found  over 
an  area  of  perhaps  100,000  square  miles,  it  is  evident  that  molten  lava 
may  sometimes  occupy  a  far  greater  space  within  the  crust  than  might  be 
inferred  from  the  dimensions  and  outpourings  even  of  the  largest  volcanic 
cone.  There  can  be  no  doubt  that  vast  reservoirs  of  melted  rock,  impreg¬ 
nated  with  superheated  vapours,  must  formerly  have  existed,  if  they  do 
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not  exist  still,  beneath  extensive  tracts  of  country  (p.  74-4).  Yet  even 
in  these  more  stupendous  manifestations  of  volcanism,  the  lava  should  be 
regarded  rather  as  the  sign  than  as  the  cause  of  volcanic  action.  It  is 
doubtless  the  pressure  of  the  imprisoned  vapour,  and  its  struggles  to  get 
free,  vrhich  produce  the  subterran  eari  earthquakes  and  the  explosions  from 
the  vents.  As  soon  as  the  vapour  finds  relief,  the  terrestrial  commotion 
calms  down  again,  until  another  accumulation  of  vapour  demands  a 
repetition  of  the  same  phenomena. 

At  its  exit  from  the  side  of  a  volcano,  lava  glows  with  a  v^hite  heat, 
and  flows  with  a  motion  which  has  been  compared  to  that  of  honey  or 
of  melted  iron.  It  soon  becomes  red,  and,  like  a  coal  fallen  from  a  hot 
fireplace,  rapidly  grows  dull  as  it  moves  along,  until  it  assumes  a  black, 
cinderjr  aspect.  At  the  same  time  the  surface  congeals,  and  soon  becomes 
solid  enough  to  support  a  heavy  block  of  stone.  The  aspect  of  the 
stream  varies  with  the  composition  and  fluidity  of  the  lava,  form  of  the 
ground,  angle  of  slope,  and  rapidity  of  flow.  Yiscous  lavas,  like  those 
of  Vesuvius,  break  up  along  the  surface  into  rough  brown  or  black 
cinder-like  slags  and  irregular  ragged  cakes,  bristling  with  jagged  points 
which,  in  their  onward  motion,  grind  and  grate  against  each 
other  with  a  harsh  metallic  sound,  sometimes  rising  into  rugged  mounds 
or  becoming  seamed  with  rents  and  gashes,  at  the  bottom  of  which  the 
red-hot  glowing  lava  may  be  seen  (Tig-  47).  In  lavas  possessing  some¬ 
what  greater  fluidity,  the  surface  presents  frotli-likc,  curving  lines,  as  in 
the  scum  of  a  slowly  flowing  river,  or  is  arranged  in  curious  ropy  folds, 
as  the  layers  have  successively  flowed  over  each  other  and  congealed 
{^^jxihoehoe’’^).  These  and  many  other  fantastic  coiled  shapes  were 
exhibited  by  the  Vesuvian  lava  of  1858,  and  are  admirably  displayed 
by  the  peculiarly  liquid  glassy  lavas  of  Kilauea.^  Acid  and  viscous  lava- 
streams  flow  for  comparatively  shord  distances  and  do  not  spread  out 
widely;  they  may  even  come  to  a  stop  on  a  steep  slope  like  the  obsidian 
on  the  north  side  of  Vulcano.  On  the  other  hand,  basic  lavas,  such  as 
basalts,  possessing  much  greater  hhpiidity,  have  sometimes  flowed  for 
great  distances  and  deluged  vast  tracts  of  country.  A  largo  area  which 
has  been  flooded  with  lava  is  perhaps  the  most  hideous  and  appalling 
scene  of  desolation  anywhere  to  be  found  on  the  sui'hice  of  the  globe. 

A  kva-stream  usually  spreads  out  as  it  dc.scends  fr-om  its  point  of 
escape,  and  moves  more  slowly.  Its  sides  Icok  like  huge  embankments, 
or  like  some  of  the  long  mounds  of  ‘‘clinkers  in  a  great  manufacturing 
district.  The  advancing  end  is  often  much  steeper,  creeping  onward  like 
a  great  wall  or  rampart,  down  the  face  of  which  the  rough  blocks  of 
hardened  lava  are  ever  rattling  (Ih’g.  45), 

^  ETor  (le.scriptioii.s  of  Vesuvian  lava-.streaiiis,  .sec  tlie  various  ineaioirs  and  worlds  cited, 
267.  For  tliose  of  Etna,  Sartorin.s  von  Waltershaiisen  end  A.  vnii  Lasanlx,  M)cr 
Aetna,’  ii.  p.  390.  Tlie  nigged  scoriaceoiis  lava-.'iurface.s  arc  known  in  TLnvvaii  as  m,  the 
smooth,  coiled  anti  rapjr  surfaces  are  tliere  called  pcthorJmi.  Dana,  ‘  (UiaTactcri sties  of 
Volcanoes,’  p.  9.  The  same  stream  of  lava  may  exhibit  botli  these  aspec.t.s  in  diflereiit  parts 
of  its  course.  Thiel,  p.  209,  and  Dr.  Johnston- Lav  is’  papers  on  Vesuviii.s,  already  cited, 
p.  267. 
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Rate  of  flow  of  Lava. — The  rate  of  movement  is  regulated  by 
the  fluidity  of  the  lava,  by  its  volume,  and  by  the  form  and  inclination 
of  the  ground.  Hence,  as  a  rule,  a  lava-stream  moves  faster  at  first  than 
afterwards,  because  it  has  not  had  time  to  stiffen,  and  its  slope  of  descent 
is  usually  steeper  than  farther  down  the  mountain.  One  of  the  most 
fluid  and  swiftly  flowing  lava-streams  ever  observed  on  Vesuvius  was 
that  erupted  on  12th  August  1805.  It  is  said  to  have  rushed  down  a 
space  of  3  Italian  (3|  English)  miles  in  the  first  four  minutes,  but  to 
have  widened  out  and  moved  more  slowly  as  it  descended,  yet  finally  to 
have  reached  Torre  del  Greco  in  three  hours.  A  lava  erupted  by  Mauna 
Loa  in  1852  went  as  fast  as  an  ordinary  stage-coach,  or  fifteen  miles  in^ 
two  hours ;  but  some  of  the  lavas  from  that  mountain  have  in  parts  of 
their  course  moved  with  double  that  rapidity.  Long  after  a  current  has 
been  deeply  crusted  over  with  slags  and  rough  slabs  of  lava,  it  may  con¬ 
tinue  to  creep  slowly  forward  for  weeks  or  even  months.  Thus  the  lava 
which  began  to  flow  from  the  side  of  Vesuvius  on  3rd  July  1895  was 
still  moving  four  years  afterwards,  and  had  piled  up  a  hill  of  ])lack  rock 
about  400  feet  high. 

It  happens  sometimes  that,  as  the  lava  moves  along,  the  still  molten 
mass  inside  bursts  through  the  outer  hardened  and  deeply  seamed  crust, 
and  rushes  out  with,  at  first,  a  motion  much  more  rapid  than  that  of  the 
main  stream.  Any  sudden  change  in  the  form  or  slope  of  the  ground 
affects  the  flow  of  the  lava.  Thus,  reaching  the  edge  of  a  steep  <lefile 
or  cliff,  it  pours  over  in  a  cataract  of  glowing,  molten  rock,  with 
clouds  of  steam,  showers  of  fragments,  and  a  noise  utterly  undescrib- 
ahle.  Or,  on  the  other  hand,  encountering  a  ridge  or  hill  across  its 
path,  it  accumulates  until  it  either  finds  egress  round  the  side  or  actually 
overrides  and  entombs  the  obstacle.  The  hardened  crust  or  shell,  within 
which  the  still  fluid  lava  moves,  serves  to  keep  the  mass  from  spreading. 
Here  and  there,  inside  this  thickening  crust,  the  lava  subsides,  when  it 
can  find  egress  lower  down,  leaving  cavernous  spaces  and  tunnels  into 
which,  when  the  whole  is  cold,  one  may  enter,  and  which  are  sometimes 
festooned  with  stalactites  of  lava  (p.  307). 

Size  of  Lava-streams. — In  some  cases,  lava  escaping  from  craters 
or  fissures  comes  to  rest  before  reaching  the  base  of  the  slopes,  like  the 
obsidian  current,  already  referred  to,  which  has  congealed  on  the  side  of 
the  cone  of  the  island  of  Vulcano.^  In  other  instances,  the  molten  rook 
not  only  reaches  the  plains  hut  flows  for  many  miles  away  from  the 
point  of  eruption.  Sarto rius  von  Waltershausen  computed  the  lava 
emitted  by  Etna  in  1865  at  92  millions  of  cubic  metres,  that  of  1852  at 
420  millions,  that  of  1669  at  980  millions,  and  that  of  a  pre-historic  lava- 
stream  near  Randazzo  at  more  than  lOOQ  millions.^  The  most  stupendous 
outpouring  of  lava  on  record  was  that  which  took  place  near  the  Skapta 
Jokull  in  Iceland  in  the  year  1783.  Successive  streams  issued  from  the 
Laki  fissure  about  12  miles  long,  filling  up  river-gorges  which  were  somc- 

^  Recent  eruptions  in  this  island  have  consisted  entirely  of  ashes  and  stones.  A.  Baltzer, 
Z.  D.  G.  O.  xxvi.  (1875),  p.  36,  and  the  other  papers  already  cited,  p.  276. 

^  ‘Der  Aetna,’  ii.  p.  393. 
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times  600  feet  deep  and  200  feet  broad,  and  advancing  into  the  alluvial 
plains  in  lakes  of  molten  roch  12  to  15  miles  wide.  Two  currents  of 
lava  whieb,  filling  up  the  valley  of  the  Skapta,  esca[>ed  in  nearly  opposite 
directions,  extended  for  about  28  and  50  miles  respectively. 

Varying  liquidity  of  Lava. — All  lava,  at  the  time  of  its  expulsion, 
is  in  a  molten  condition.  It  usually  consists  of  a  glassy  magma  in  which, 
by  reason  of  the  high  temperature,  most  or  even  all  of  the  mineral  con¬ 
stituents  are  at  first  dissolved.  As  already  reinai'ked,  however,  considerable 
differences  have  been  observed  in  the  degree  of  liquidity,  and  consequently 
in  the  form  and  extent,  of  the  outflows.  Kumboldt  and  Sc  rope  long  ago 
called  attention  to  the  thick,  short,  lumpy  forms  presented  by  masses  of 
solidified  trachytic  rocks,  which  are  lighter,  more  siliceous  and  more 
viscous,  and  to  the  thin,  widely  extended  sheets  a.ssumed  l)y  basalts, 
which  are  heavy,  contain  much  iron  and  basic  silicates  and  have  a  greater 
liquidity.^  The  cause  of  this  difference  has  been  variousdy  explained. 
It  may  depend  partly  upon  chemical  composition,  the  siliceous  being 
naturally  less  fusible  than  the  basic  rocks.  But  as  great  differences  of 
fluidity  are  observable  even  among  lavas  liaving  nearly  the  same  composi¬ 
tion,  there  would  seem  to  be  some  further  cause  for  the  diversity.  Scrape, 
as  far  hack  as  1825,  stated  his  belief  that  the  liquidity  of  lava  was  to  be 
traced  to  the  presence  of  water-vapour  in  the  magma. Itcyer,  following 
this  line  of  reasoning,  has  likewise  maintained  that  we  must  look  to 
original  clifferences  in  the  extent  to  which  the  subterranean  igneous 
magma  that  supplied  the  lava  has  been  saturated  with  vapours  and  gases. 
Molten  rock  highly  impregnated  gives  rise,  he  holds,  to  fragmentary 
discharges,  while  when  feebly  impregnated  it  flows  out  tranijuilly.^  On 
the  other  hand,  Captain  0.  E.  Dutton,  who  has  studied  the  volcanic 
phenomena  of  Western  America  and  Hawaii,  suggests  that  the  different 
degrees  of  liquidity  may  depend  not  only  on  chemical  differences,  but  on 
variations  of  temperature.  He  supposes  that  the  basaltic  lavas  which 
have  spread  so  far  in  thin  sheets,  and  whieli  must  have  had  a  com¬ 
paratively  great  liquidity,  flowed  at  temperatures  far  alcove  that  of  their 
melting-point,  and  were,  to  use  his  phrase,  superfused.'’ 

The  varying  degrees  of  liquidity  are  manifested  in  a  characteristic 
way  on  the  surface  of  lava.  Thus,  in  the  great  lava-po(jls  of  Hawaii,  the 
rock  exhibits  a  remarkable  liquidity,  th redwing  up  fountains  of  molten 
rock  to  a  height  of  300  feet  or  more.  Dining  its  ebullition  in  the  crater- 
pools,  jets  and  driblets,  a  quarter  of  an  inch  in  diameter,  are  tossed  up, 
and,  falling  back  on  one  another,  make  ‘Li  column  of  hardened  tears  of 
lava,''  one  of  which  (Fig.  48)  was  found  to  have  attained  a  height  of 
40  feet,  while  in  other  places  the  jets  thrown  up  and  blown  aside  by  the 
wind  give  rise  to  long  threads  of  glass  which  lie  thickly  together  like 
mown  grass,  and  are  known  by  the  natives  under  the  na.me  of  “  Pelc’s 

^  This  eruption  is  further  notici'd  at  p.  342, 

“  Scrope,  ‘CoTisidcratioiis  of  Volcmioes  ’  (1825),  p.  93, 
fhid.  p.  25. 

^  ^Beitrag  zur  Physik  tier  Eriu)tioiieii,’  p.  77. 

®  ‘High  Plateaux  of  Utah,’  Oeotj.  mid  deal,  Hitt,  Terrltiw ks,  "WaHliingtoii  (1880),  chap.  v. 
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eruption  which  gave  it  birth  has  ceased.  The  lava  of  the  eruption  at 
Santorin  in  1866-67  at  first  welled  out  tranquilly,  but  after  a  few  days 
its  outflow  was  accompanied  by  explosions  and  discharges  of  incandescent 
fragments,  which  increased  until  they  had  covered  the  lava  dome  with 
ejected  scoriae,  and  had  opened  a  number  of  crateriform  mouths  on 
its  summit.^ 

There  can  be  no  doubt,  as  above  remarked,  that  the  condition  of 
liquidity  of  the  lava  has  in  some  measure  determined  the  character  of  the 
eruptions.  In  one  case,  there  are  quiet  out-wellings  of  the  more  liquid 
lavas,  as  at  Hawaii;  in  another,  there  are  explosive  discharges  and 
cinder-cones  accompanying  the  more  viscid  lavas,  as  at  most  modern 
volcanoes.  The  former  has  been  the  condition  favourable  to  the  most 
colossal  outpourings  of  molten  rock,  as  we  see  in  the  basalt-plateaux  of 
Britain,  Faroe,  Iceland,  Greenland,  Idaho  and  Oregon,  the  Ghauts, 
Abyssinia,  &c.  This  subject  is  again  referred  to  at  p.  342. 

Crystallisation  of  Lava. — Pouring  forth  with  a  liquidity  like  that 
of  molten  iron,  lava  speedily  assumes  a  more  viscous  condition  and  a 
slower  motion.  Obsidian  and  other  vitreous  rocks  have  consolidated  as 
glass :  yet  that  they  did  not  flow  with  great  liquidity  is  indicated  by 

^  Dana,  Geol.  U.  S.  Exjplor.  Exped.,  “Geology,”  p.  179  ;  ‘Characteristics  of  Volcanoes,’ 
p.  160.  “Pele’s  hair”  is  sometimes  carried  by  wind  from  the  summit  of  Mamia  Loa  to 
Hilo,  a  distance  of  35  miles.  Amer.  Journ.  Sci.  xxxvi.  (1888),  p.  83. 

2  Some  good  examples  were  observed  on  this  mountain  in  the  summer  of  1891  by  Dr. 
Johnston-Lavis,  Exit.  Assoc.  1891,  Sect.  C,  wher©  figures  of  some  of  them  are  given. 

®  Fouque,  ‘Santorin,’  p.  xv. 
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such  facts  as  the  arrest  of  the  obsidian  str^m  half-way  down  the  steep 
northern  slope  of  Vulcano.  Even  in  such  perfect  natural  glass  as  obsidian, 
microscopic  crystallites  and  crystals  are'  usually  present,  and  in  prodigious 
numbers  (pp.  148,  213).  In  most  lavas,  devitrification  has  proceeded  so 
far  before  the  final  stiffening,  that  the  original  glassy  magma  has  passed 
into  a  more  or  less  completely  lithoid  or  crystalline  mass. 


Fig.  -JS), — Luva-coliimn  (eight  feet  high),  Ve.suvins  (Ahieli)- 


That  lava  may  possess  an  appreciably  crystalline  structure  while  still 
in  motion,  has  often  been  proved  at  Vesuvius,  where  well-defined  crystals 
of  the  infusible  leucite  may  be  observed  in  a  molten  magma  of  the  other 
minerals,  portions  of  the  white-hot  rock  in  this  condition  being  ladled  out, 
impressed  with  a  stamp  and  suddenly  congealed.  The  fluxion-structure 
above  described  (p.  153)  furnishes  interesting  evidence  of  this  fact  in 
many  ancient  as  well  as  modern  lavas. 

There  is  reason  to  believe  that  in  the  molten  magma,  before  its  outflow 
as  lava,  considerable  progress  may  be  made  within  the  volcano  in  the 
development  of  some  crystalline  minerals  out  of  the  surrounding  glass, 
and  that  this  crystalline  portion  may  be  to  some  extent  separated  from 
the  vitreous  residue.  Hence,  where  this  separation  has  taken  place, 
subsequent  eruptions  may  give  rise  to  a  more  crystalline  and  probably 
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more  basic  lava  from  one  point  of  emission  and  a  more  glassy  and  prob¬ 
ably  more  acid  lava  from  another  vent.  Or  we  may  conceive  that  the 
two  portions  of  the  magma  may  be  subsequently  mingled  again  in  various 
proportions  before  eruption.^  If  the  process  of  differentiation  should 
continue,  as  seems  natural,  during  the  lapse  of  a  whole  cycle  of  a  volcano’s 
history,  the  earlier  lavas  would  be  more  basic  than  the  later. 

The  crystalline  structure  of  lava  has  been  supposed  to  bo  in  some 
measure  determined  by  the  presence  of  the  volcanic  vapours  and  gases 
with  which  the  molten  rock  is  impregnated,  the  rapid  escape  of  these 
vapoui-s  preventing  the  formation  of  the  crystalline  structure,  and  leaving 
the  lava  in  the  condition  of  a  more  or  less  perfect  glass.  But  the  experi¬ 
ments  of  MM.  Fouque  and  Michel-Levy  {postea,  p.  404)  have  shown 
that  rocks,  having  in  every  essential  particular  the  characters  of  volcanic 
lavas,  may  be  artificially  produced  under  ordinary  atmospheric  pressur*e  hy 
simple  dry  fusion.  There  appears  to  be  no  doubt  that  the  presence  of 
water  lowers  the  fusion-point  of  silicates,  though  what  precise  inffuenee  the 
dissolved  vapours  exert  upon  the  ultimate  consolidation  of  molten  lava  has 
yet  to  be  ascertained  (see  p.  413).  Difference  in  the  rate  of  cooling  has 
doubtless  been  an  important,  if  not  the  main,  factor  in  determining  the 
various  conditions  of  texture  of  lava-streams.  The  crystalline  structure 
may  be  expected  to  be  most  perfect  where,  as  within  thick  masses  of  rock, 
the  cooling  has  been  prolonged,  and  where,  consequently,  the  crystals  have 
had  ample  time  and  opportunity  for  their  formation.  On  the  other 
hand,  the  glassy  structure  may  be  expected  to  be  specially  shown  where 
the  cooling  has  been  most  rapid,  as  in  the  vitreous  crust  on  the  walls  of 
dykes  already  referred  to  (pp.  236,  288).  As  has  been  ascertained  from 
the  examination  of  ancient  volcanoes  which  have  been  dissected  }>y 
denudation,  rocks  crystallising  in  the  deeper  parts  of  a  volcanic-  vent 
usually  possess  a  more  coarsely  crystalline  structure  than  those  which 
crystallise  at  or  near  to  the  surface  (p.  721). 

Temperature  of  Lava. — It  would  be  of  the  highest  interest  and 
importance  to  know  accurately  the  temperature  at  w'hich  a  lava-stia^am 
first  issues.  Measurements  not  altogether  satisfactory  have  been  taken 
at  various  distances  below  the  point  of  emission,  where  the  moving  lava 
could  be  safely  approached.  Experiments  made  at  Vesuvius  hy  Hcacchi 
and  Sainte-Claire  Deville  in  1855,  by  thrusting  thin  wires  of  silver,  iron 
and  copper  into  the  lava,  indicated  a  temperature  of  scarcely  700'^  0. 
(1228°  Fahr.).  Observations  of  a  similar  kind,  made  in  1819,  when  a 
silver  wire  ^\j-th  inch  in  diameter  at  once  naelted  in  the  Vesuvian  lava  of 
that  year,  gave  a  greatly  higher  temperature,  the  melting-point  of  silver 
being  about  1800°  Fahr.  But  copper  wire  has  also  been  melted,  the  point 
of  fusion  of  this  metal  being  about  2204°  Fahr.  Evidence  of  tlie  high 
temperature  of  lava  has  likewise  been  adduced  from  the  alteration  it  has 
efiPected  upon  refractory  substances  in  its  progress,  as  where,  at  Torre  del 

1  Compare  the  observation  of  Ch.  Velain  cited  ante,  p.  297,  and  Judd,  Geol.  Mag.  1888, 
p.  1.  The  subject  of  differentiation  in  molten  magmas  will  be  more  conveniently  discussed  in 
Book  IV.  Part  VIL  Sect,  i.,  where  the  evidence  regarding  it  furnished  by  bosses,  sills,  and 
dykes  is  under  consideration  ;  but  see  also  postea,  pp.  404-407. 
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GrecOj  it  overflowed  the  houses,  and  was  afterwards  found  to  have  fused 
the  fine  edges  of  flints,  to  have  decomposed  brass  into  its  component 
metals,  the  copper  actually  crystallising,  and  to  have  melted  silver,  and 
even  sublimed  it  into  small  octahedral  crystals  (p.  309).  The  lava  of 
Santorin  has  caught  up  pieces  of  limestone,  and  has  formed  out  of  them 
nodules  containing  crystallised  anorthite,  augite,  sphene,  black  garnet, 
and  particularly  wollastonited  The  initial  temperature  of  lava,  as  it  first 
issues  from  the  Yesuvian  funnel,  is  probably  considerably  more  than 
2000^  Eahr.  Obviously  the  dissolved  water  (or  water-substance,  for,  as 
already  remarked,  the  temperature  is  far  above  the  critical  point  of  water, 
and  its  component  gases  may  exist  dissociated)  must  possess  as  high  a 
temperature  as  that  of  the  white-hot  lava  in  which  it  is  contained.  The 
existence  of  the  elements  of  water  at  a  white  heat,  even  in  rocks  which 
have  reached  the  surface,  is  a  fact  of  no  little  significance  in  the  theoretical 
consideration  of  hypogene  action. 

Inclination  and  thickness  of  Lava-flows. — It  was  at  one  time 
sui)posed  that  lava  could  not  consolidate  in  beds  on  such  steep  slopes  as 
those  of  most  volcanoes.  Hence  arose  the  “  elevation-crater  theory 
(described  at  p.  320),  in  which  the  inclined  position  of  lavas  round  a  wol- 
canic  vent  was  explained  by  upheaval  after  their  emission.  Observations 
all  over  the  world,  however,  have  now  demonstrated  that  lava,  with  all 
its  characteristic  features,  can  consolidate  on  slopes  of  even  35°  and  40°,^ 
The  lava  in  the  Hawaiian  Islands  has  cooled  rapidly  on  slopes  of  25°;  that 
from  Vesuvius,  in  1855,  is  here  and  there  as  steep  as  30° ;  while  the  older 
lavas  in  Monte  Somma  are  sometimes  inclined  at  45°.  On  the  east  side 
of  Etna,  a  cascade  of  lava,  which  in  1689  poured  into  the  vast  hollow  of 
the  Cava  Grande,  has  an  inclination  varying  from  18'  to  48°,  with  an 
average  thickness  of  16  feet.  On  Mauna  Loa  some  lava-fiows  are  said  to 
have  congealed  on  slopes  of  49°,  60°,  and  even  90°,^  though  in  these 
cases  it  could  only  be  a  layer  of  rock,  stifiening  and  adhering  to  the  surface 
of  the  precipice.  On  the  other  hand,  lava-streams  have  travelled  consider¬ 
able  distances  over  ground  that  to  the  eye  looks  cpiite  level.  Among  the 
Hawaiian  Islands  a  declivity  of  1 '  or  less  has  been  quite  sufficient  for  the 
flow  of  the  extremely  liquid  and  mobile  lavas  of  that  region.  In  the 
great  lava-fields  of  the  Snake  liiver  region  of  the  Western  Territories  of 
the  United  States,  the  ])asalts,  which  must  also  have  been  extremely  liquid, 
have  flowed  over  slopes  of  much  less  than  1°.*^  The  bread tii  and  length 
of  a  lava-stream,  as  well  as  the  form  of  its  surface,  depend  mainly  upon 
the  licpiidity  of  the  molten  material  at  the  time  of  outflow.  Even  when 
it  consolidates  on  a  steep  slope,  a  stream  of  lava  forms  a  sheet  with  parallel 
upper  and  under  surfaces,  a  general  uniformity  of  thickness,  and  often 
greater  evenness  of  surface,  than  where  the  angle  of  descent  is  low.  The 
thickness  varies  indefinitely  ;  many  basalts  which  have  been  poured  out  in 
a  remarkably  liquid  condition  have  solidified  in  beds  not  more  than  10 

^  Fouqiu'i,  ‘Santorin,’  p.  206. 

Lyell  on  the  consolidation  of  lava  on  steep  slopes,  Phil.  Tram.  1858. 

J.  D,  Dana,  Aimr.  Jour.  i^cL  xxxv.  (1888),  p.  32. 

J.  D.  Dana,  ‘  Characteristics  of  Volcanoes,’  p.  12. 
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or  12  feet  thick.  On  the  other  hand,  more  pasty  lavas,  and  laviis  w'li 
have  fiov^ed  into  narrow  valleys,  may  be  jailed  up  in  solid  masses  t*  * 
thickness  of  several  hundred  feet  (pp.  301,  308).  i 

Structure  of  a  Lava-stream. — Lava<streams  are  sometimes  ^ 

homogeneous  throughout.  In  general,  however,  they  each  show  th  ^  * 
component  layers.  At  the  bottom  lies  a  rough,  slaggy  mass,  procluce<l 
the  rapid  cooling  of  the  lava,  and  the  breaking  up  and  continued  J 

motion  of  the  scoriform  layer.  The  central  and  main  portion 
stream  consists  of  solid  lava,  often,  however,  with  a  more  or  less  cnri<  **  ^ 
and  vesicular  texture.  The  upper  part,  as  we  have  seen,  may  be  n 
of  rough  broken-up  slabs,  scoriie,  or  clinkers.  The  proportions  bc>i*n(*  ^  ' 

these  resjoective  layers  to  each  other  vary  continually.  Some  of  fclie  lu  *  *  ^ 
fluid  ropy  lavas  of  Vesuvius  have  an  inconstant  and  thin  slaggy" 
others  may  be  said  to  consist  of  little  else  than  scoihe  from  top  *  ' 
bottom.  Throughout  the  whole  mass  of  a  lava-current,  bxib 
especially  along  its  upper  surface,  the  absorbed  or  dissolved  water~v;tp«  ^ 
expands  wdth  diminution  of  pressure,  and,  pushing  the  molten  rock  usi« 

segregates  into  small  bii.)d>les  » 
irregular  cavities.  Hence,  ■ 

the  lava  solidifies,  these 
holes  are  seen  to  be  sometiiiic^^^ 
abundant  that  a  detached  |)ort  • 
of  the  rock  containing  tlieiii  ai.  i 
float  in  water  (pp.  134,  2  1  ^ 

They  are  often  elongated  in  ^  I  -  * 
direction  of  the  motion  of  the  lava-stream  (Fig.  50).  Sometimes-,  i 

where  the  cells  are  numerous,  their  elongation  in  one  direction  giv#*  - 
fissile  structure  to  the  rock. 

Some  lavas,  both  acid  and  basic,  assume  columnar  forms  in  cooling’.  Tlic*  * 

of  tlie  Yellowstone  National  Park  present  tliis  structure  in  a  marked  degrev.  T  i* 
same  characteristic  is  so  common  among  basalts  as  to  have  made  the  term  ^  ^  Pasal  1 1 
a  popular  synonym  for  “columnar.”  The  columns  diverge  from  the  cooling  siirlVi*  » 
and  as  these  are  usually  the  toi»  and  bottom  of  a  sheet,  the  columns  are  vertical  w  !»’ 
the  sheet  is  horizontal  and  inclined  where  the  sheet  has  flowed  down  a  slope.  t  1« ; 

sheets  and  among  basalts  that  apparently  have  possessed  considerahle  nioPilitv  f  ; 
columns  may  be  observed  to  be  not  infrequently  curved  and  even  undulating  in 
to  be  arranged  in  curiously  irregular,  sometimes  fan-shaped  groujis,  which  .sturt  1 1  < 
different  planes.  To  some  of  these  forms  of  jointing  more  particular  reference  wil  I  * 
made  in  Book  lA".  Part  11. 

Another  structure  which  has  now  been  observed  in  iiianj  ancient  and  some  iiin#  1*’ 
lavas,  especially  those  of  more  or  less  basic  composition,  consists  in  an  aggi*e|gatif*ii 
ellipsoids  or  irregularly  pillow'-shaped  blocks,  varying  from  a  few  indies  to  several  t«»#  * 
yards  in  diameter.  These  blocks  are  often  markedly  cellular  toward.s  tlie  eeiitri-  •.  i 
finer-grained  on  the  outer  crust.  They  sometimes  display  lines  of  vesicles  parallel  * 

their  margins.  They  belong  to  the  time  when  the  lava  was  still  in  moveimnit 
when  it  separated  into  globular  portions,  perhaps  by  flowing  into  water  or  ' 

sediment.!  The  interspaces  between  the  ellipsoids  have  been  hlled-iii  sometimeH 
fine  volcanic  tuff,  sometimes  with  mud,  limestone,  ironstone  or  chert. 

!  Such  globular  lava.s  are  well  developed  in  Sicily.  See  (4.  Plataiiia  au<l  || 


Fig.  no. — Elongation  of  Vesicles  in  (lirectioii  of  How 
of  Lava. 
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A  singular  feature  of  many  lava-streams  is  to  be  seen  in  tlie  tunnels  an<l  caverns 
already  referred  to  (p.  300).  These  cavities  have  doubtless  arisen  during  the  flow  of  the 
mass  when  the  upper  and  under  portions  had  solidified  and  were  creeping  sluggishly 
onward,  while  the  still  molten  interior  was  able  to  move  faster  or  to  escape  and  thus  to 
leave  empty  spaces  within.  Such  tunnels  may  frecpiently  be  seen  among  the  A'esiiviau 
lava-streams.  A  striking  instance  of  them  has  been  observ-ed  in  a  lava  on  the  Hanks  of 
Mount  Shasta,  California.  It  is  60  to  80  feet  high,  20  to  70  feet  broad,  with  a  roof 
from  10  to  75  feet  thick,  and  has  been  penetrated  for  nearly  a  mile  without  coming  to 
an  end.^  Interesting  exainides  are  described  from  the  highly  glassy  lavas  of  Hawaii, 
■where  they  are  sometimes  from  2  to  10  feet  in  height  and  30  feet  broad,  but  with 
large  lateral  expansions.  The  walls  of  these  Hawaiian  lava-clianibers  are  smooth  and 
even  glassy,  and  from  their  roofs  hang  slender  stalactites  of  lava  20  to  30  indies  long, 
while  on  the  floor  below  little  mounds  of  lava-stalagmite  have  formed.  The  precise 
mode  of  origin  of  these  curious  apyiendages  is  hot  well  understood.- 

A^apours  and  sublimations  of  a  Lava-stream. — Besides  steam, 
many  other  vapours,  absorbed  in  the  original  subterranean  molten  magma, 
escape  from  the  fissures  or  fmnaroles  of  a  lava-stream  (pp.  26  7-270). 
Among  these  exhalations  chlorides  abound,  particularly  chloride  of 
sodium,  which  appears,  not  only  in  fissures,  but  even  over  the  cooled 
crust  of  the  lava,  in  small  crystals,  in  tufts,  or  as  a  granular  and  even 
glassy  incrustation.  Chloride  of  iron  is  deposited  as  a  yellow  coating  at 
Vesuvius,  where  also  bright  emerald-green  films  and  scales  of  chloride  of 
copper  may  be  more  rarely  observed.  Many  chemical  changes  take 
place  in  the  escape  of  these  vapours.  Thus  specular-iron,  either  the 
result  of  the  mutual  decomposition  of  steam  and  iron-chloride,  or  of  the 
oxidation  of  magnetite,  forms  abundant  scales,  plates,  and  small  crystals 
in  the  fumaroles  and  vesicles  of  some  lavas.  Sal-ammoniac  also  appears 
in  large  quantity  on  many  lavas,  not  merely  in  the  fissures,  hut  also  on 
the  upper  surface,  and  perhaps  as  a  result  of  the  decomposition  (jf 
a,queous  vapour,  whereby  a  combination  is  formed  with  atmospheric 
nitrogen.  Sulphur,  breislakite,  szahoite,  tenorite,  alum,  sulphates  of  iron, 
soda  and  potash,  and  other  minerals  are  also  found,  as  in  the  fumaroles  of 
■volcanic  craters. 

Slow  cooling  of  Lava. — The  hardened  crust  of  a  lava-stream  is  a 
bad  conductor  of  heat.  Consequently,  the  surface  of  the  stream  may 
have  become  cool  enough  to  he  walked  upon,  though  the  red-hot  mass 
may  be  observed  through  the  rents  to  lie  only  a  few  inches  below. 
iVTany  years,  therefore,  may  elapse  before  the  temperature  of  the  whole 
mass  has  fallen  to  that  of  the  surrounding  soil.  Eleven  months  after  an 
eruption  of  Etna,  Spallanzani  could  see  that  the  lava  was  still  red-hot 
ixb  the  bottom  of  the  fissures,  and  a  stick  thrust  into  one  of  them  instantly 
took  fire.  The  A^esuvian  lava  of  1785  was  found  by  Breislak,  seven 
years  afterwards,  to  be  still  hot  and  steaming  internally,  though  lichens 
bad  already  taken  root  on  its  surface.  The  ropy  lava  erupted  by 
Vesuvius  in  1858  was  oliserved  by  the  author  in  1870  to  be  still  so  hot. 


J  olinston-Lavis,  ‘  South  Italian  Volcanoes,’ p.  41.  They  are  of  fre(pient  occurrence  amoii^^ 
r^aloeozoic  volcanic  rocks.  This  structure  is  again  noticed  in  Book  IV.  Part  VII.  hJect.  ii.  §  1. 
^  J.  S.  Diller,  ‘Mount  Shasta,  a  Typical  Volcano,’  1895. 

-  See  Dana’s  ‘  Characteristics  of  Volcanoes,’  pp.  209,  332-342. 
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even  near  its  termination,  that  steam  issued  abundantly  from  its  rents, 
many  of  which  were  too  warm  to  allow  the  hand  to  be  held  in  them ; 
and  three  years  later  it  Avas  still  steaming  abundantly.  Hoffmann  records 
that  from  the  lava  which  flowed  from  Etna  in  1787,  steam  was  still 
issuino-  in  1830.  Yet  more  remarkable  is  the  case  of  Jorullo,  in  Mexico, 
which^ent  out  lava  in  1759.  Twenty-one  years  later  a  cigar  could  be 
lighted  at  its  fissures ;  after  44  years  it  was  still  visibly  steaming ;  and 
even  in  1846,  that  is,  after  87  years  of  cooling,  tAVo  vapour-columns  Avere 
still  rising  from  it.^ 

This  extremely  slow  rate  of  cooling  has  justly  been  regarded  as  a 
point  of  high  geological  significance,  in  regard  to  the  secular  cooling  and 
probable  internal  temperature  of  our  globe.  Some  geologists  have 
argued,  indeed,  that  if  so  comparatively  small  a  portion  of  molten  matter 
as  a  laA’a-stream  can  maintain  a  high  temperature  under  a  thin,  cold  crust 
for  so  many  years,  AA^e  may,  from  analogy,  feel  little  hesitation  in  believ¬ 
ing  that  the  enormously  A^aster  mass  of  the  globe  may,  beneath  a  relatively 
thin  crust,  still  continue  in  a  molten  condition  Avithin.  Lord  Kelvin, 
as  already  stated  (p.  Gl),  has  suggested  that,  by  measuring  the  temperature 
of  intrusive  masses  of  igneous  rock  in  coal-Avorkirigs  and  elsewhere,  and 
comparing  it  with  that  of  other  non  volcanic  rocks  in  the  same  regions, 
Ave  might  obtain  data  for  calculating  the  time  Avhich  has  elapsed  since 
these  igneous  sheets  were  erupted. 

Effects  of  Lava-streams  on  superficial  Avaters  and  topo¬ 
graphy. — In  its  descent,  a  stream  of  laA^a  may  reach  a  water-course, 
and,  by  throAving  itself  as  an  emlAankment  across  the  stream,  may  pond 
back  the  Avater  and  form  a  lake.  Such  is  the  origin  of  the  picturcstjue 
Lake  x4.idat  in  Yuvergne.  Or  the  molten  current  may  usurp  the  channel  of 
the  stream,  and  completely  bury  the  Avhole  valley,  as  has  happened  again 
and  again  in  the  volcanic  districts  of  Central  Erance  and  among  the  vast 
laA^a-fields  of  Iceland.  Fcav  changes  in  physiography  are  so  rapid  and 
so  enduring  as  this.  The  channel  Avhich  has  required,  doubtless,  many 
thousands  of  years  for  the  water  laboriously  to  excavate,  is  sealed  uj)  in  a 
fcAv  hours  under  100  feet  or  more  of  stone,  and  another  vastly  protracted 
interval  must  elapse  before  this  newer  pile  is  similarly  eroded.^ 

By  suddenly  overflowing  a  brook  or  pool  of  water,  molten  lava  sometimes  has  its 
Outer  crust  shattered  to  fragments  by  a  sharp  explosion  of  the  generated  steam,  while 
the  fluid  mass  within  rushes  out  on  all  sides.^  A  remarkable  instance  of  this  eflect  was 
witnessed  on  16th  October  1894,  when  an  eruption  took  place  on  the  island  of  Ambrym, 
one  of  the  group  of  the  New  Hebrides  in  the  sonth-west  Pacific  Ocean.  The  lava  was 
seen  to  enter  the  sea  Avith  a  roaring  and  hissing  noise,  sending  up  immense  volumes  of 

^  E.  Schleiden,  quoted  by  Naumann,  ‘  Geoguosie.’i.  p.  160. 

-  The  usurpation  of  river-beds  by  lava-streams  and  the  subsequent  progress  of  the  running 
water  in  excavating  new  channels  are  admirably  exemplifie<l  in  Central  France.  See  Scrope’s 
volume  on  that  region,  where  the  phenomena  are  well  described  and  illustrate<l  with  excellent 
drawings.  For  an  example  of  the  conversion  of  a  lava-buried  river-bed  into  a  hill -top  by 
long-continued  denudation,  see  Q.  J.  G.  S.  (1871),  p.  303. 

3  Explosions  of  this  nature  have  been  observed  on  Etna,  where  the  lava  ha.s  suddenly 
come  in  contact  with  water  or  snow,  considerable  loss  of  life  being  sometimes  the  result. 
Sartorins  von  Waltershansen  and  A.  von  Lasaulx,  ‘Der  Aetna,’  i.  pp.  295,  300. 
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steam  and  discharging  pieces  of  the  rock  in  alUlirectioiis,  like  the  setting  off  of  hundreds 
of  rockets.^ 

The  lava  emitted  by  Manna  Loa,  Hawaii,  in  the  Sjuing  of  1S6S  flowed  out  to  sea, 
and  added  half  a  mile  to  the  extent  of  the  island  at  that  point.  At  tlie  end  of  the 
stream  three  cinder- cones  formed  from  the  contact  of  the  lava  with  the  water,  and 
Captain  Dutton  calls  special  attention  to  the  fact  that  not  only  in  this  instance,  hut  in 
other  examples  among  the  Hawaiian  lavas  Avhieh  have  reac-hed  the  sea,  there  is  clear 
evidence  of  the  formation  of  volcanic  craters  hy  the  accidental  contact  of  lava  with 
water.  The  lavas  of  Etna  and  Vesuvius  have  also  protruded  into  the  sea,  but,  owing 
pmobably  to  their  more  viscous  and  litlioid  condition  and  lower  temperature,  they  do 
not  seem  to  have  given  rise  to  explosive  action  at  their  seaward  ends.  Thus  a  current 
from  the  latter  mountain  entered  the  ]\[editerranean  at  Torre  del  Greco  in  1794,  and 
pushed  its  way  for  360  feet  outwards,  with  a  hreadth  of  1100  and  a  heiglit  of  15  feet. 
So  q^uietly  did  it  advance,  thatBreiskk  could  sail  round  it  in  a  boat  and  ohserve  its 
progress.  The  ellipsoidal  structure  of  some  lavas,  above  alluded  to,  has  been  by  some 
observers  referred  to  the  influence  of  water  and  mud  upon  the  molten  rock  invading 
a  lake  or  the  sea. 

Ey  the  oiitpeitring  of  lava,  two  iinport«niit  kinds  of  geological  change 
are  produced  : — (1 )  Stream-courses,  lakes,  ravines,  valleys,  in  sEorb,  all 
the  minor  features  of  a  landscape,  may  be  completely  overwhelmed  under 
a  thick  sheet  of  lava.  The  drainage  of  the  district  ])cing  thus  effectually 
altered,  the  numerous  changes  which  flow  from  the  operations  of  rumiing 
water  over  the  land  are  arrested  and  made  to  begin  again  in  new  channels. 
(2)  Considerable  alterations  inaj  likewise  be  caused  hy  the  effects  of  the 
heat  and  vapours  of  the  lava  upon  the  suhjaceiit  or  contiguous  ground. 
Instances  have  been  observed  in  which  the  lava  has  actually  melted 
doAvn  opposing  rocks,  or  masses  of  slags  on  its  own  surface.  Interesting 
observations,  already  referred  to  (p.  30 o),  have  l)eeii  made  at  Torre  del 
Grreco  under  the  lava-stream  which  overflowed  jrart  of  tliat  town  in  1T94. 
It  was  found  that  the  window-panes  of  the  houses  had  been  de vitrified 
into  a  white,  translucent,  stony  suljstance  ;  that  pieces  of  limestone  had 
acquired  an  open,  sandy,  granular  texture,  without  loss  of  carbon-dioxide 
and  that  iron,  brass,  lead,  copper,  and  silver  objects  had  been  greatly 
altered,  some  of  the  metals  being  actually  siddimed.  VOq  can  understand, 
therefore,  that,  retaining  .its  heat  for  so  long  a  time,  a  mass  of  la^'a  may 
induce  many  crystalline  structures,  re-arrangem erits,  or  decompositions  in 
the  rocks  over  which  it  comes  to  rest,  and  proceeds  slowly  to  cooL  This  is 
a  question  of  considerable  importance  in  relation  to  the  ])eliavioiir  of  ancient 
lavas  which,  after  having  been  intruded  among  rocks  Ijeneatli  the  surface, 
have  subsequently  been  exposed  hy  denudation.  (Book  IV.  Part  VII.) 

But,  on  the  other  hand,  the  exceedingly  trifling  change  produced,  even 
by  a  massive  sheet  of  lava,  has  often  been  remarked  with  astonishment. 
On  the  flank  of  Yesuvius,  vines  and  trees  may  be  seen  still  flourishing 
on  little  islets  of  the  older  land-surface,  completely  surrounded  by  a  flood 
of  lava.  Dana  has  given  an  instructive  account  of  the  descent  of  a  lava- 
stream  from  Kilauea  in  June  184D.  Islet-like  spaces  of  forest  were  left 

^  For  further  details  see  p.  3S5,  au<l  the  official  iiiport  by  Captain  H.  E.  Purey 

Gust,  R.N'.,  Admiralty  Paper,  1S96,  Gfogrojili.  Juvm.  viii.  (1896),  pp.  5S.S,  602. 

2  Ann.LejK  U.  G.  A  1882-83,  p.  181. 
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in  the' midst  of  the  lava,  many  of  the  trees  being  still  alive.  Where  the 
lava  flowed  round  the  trees,  the  stumps  were  usually  consumed,  and 
cylindrical  holes  or  casts  remained  in  the  lava,  either  empty  or  rilled 
with  charcoal.  In  many  cases  the  fallen  crown  of  the  tree  lay  near,  and 
so  little  damaged  that. the  epiphytic  plants  on  it  began  to  grow  again. 
Yet  so  fluid  was  the  lava  that  it  hung  in  pendent  stalactites  from  the 
branches,  which  nevertheless,  though  clasped  round  by  the  molten  rock, 
had  barely  their  bark  scorched.  Again,  for  nearly  100  years  there  has 
lain  on  the  flank  of  Etna  a  large  sheet  of  ice,  which,  originally  in  the 
form  of  a  thick  mass  of  snow,  was  overflowed  by  lava,  and  Inis  thereby 
been  protected  from  the  evaporation  and  thaw  which  would  certainly 
have  dissipated  it  long  ago,  had  it  been  exposed  to  the  air.  The  heat  of 
the  lava  has  not  sufficed  to  melt  it.  Extensive  tracts  of  snow  were  like¬ 
wise  overspread  by  lava  from  the  same  mountain  in  1879.  In  other  cases, 
snow  and  ice  have  been  melted  in  large  quantities  by  overflowing  lava. 
The  great  floods  of  water  which  rushed  down  the  flank  of  Etna,  after  an 
eruption  of  the  mountain  in  the  spring  of  ITbe'),  and  similar  deluges  at 
Cotopaxi,  are  thus  explained. 

One  further  aspect  of  a  lava-stream  may  be  noticed  here — the  effect 
of  time  upon  its  surface.  While  all  kinds  of  lava  must,  in  the  end, 
crumble  down  under  the  influence  of  atmospheric  waste  ami,  where  other 
conditions  permit,  become  coated  with  soil,  and  support  some  kind  of 
vegetation,  yet  extraordinary  differences  may  be  observed  in  the  facility 
with  which  different  lava-streams  yield  to  this  change,  even  on  tlie  flank 
of  the  same  mountain.  Every  one  who  ascends  the  slopes  of  Vesuvius 
remarks  this  fact.  After  a  little  practice,  it  is  not  difficult  there  to  trace 
the  limits  of  certain  lavas  even  from  a  distance,  in  some  cases  by  their 
verdure,  in  others  by  their  barrenness.  Five  hundred  years  have  not 
sufficed  to  clothe  with  green  the  still  naked  surface  of  the  Catanian  lava 
of  1381 ;  while  some  of  the  lavas  of  the  present  century  have  long  given 
footing  to  bushes-  of  furze.^  Some  of  the  younger  lavas  of  Auvergne, 
which  certainly'  flowed  in  times  anterior  to  those  of  hi.story,  are  still 
singularly  bare  and  rugged.  Yet,  on  the  whole,  where  lava  is  directly 
exposed  to  the  atmosphere,  without  receiving  protection  from  occasional 
showers  of  volcanic  ash,  or  where  liable  to  be  washed  bare  by  heavy 
torrents  of  rain,  its  surface  decays  in  a  few  years  sufficiently  to  afford 
soil  for  stray  plants  in  the  crevices.  When  these  have  taken  root  they 
help  to  increase  the  disintegration  ;  at  last,  as  the  rock  is  overspread, 
the  traces  of  its  volcanic  origiri.  fade  away  from  its  surface.  Some  of  the 
Vesuvian  lavas  of  the  present  century  already  support  vineyards. 

Elevation  and  Subsidence. — Proofs  of  changes  of  level,  whether 
upward  or  downward,  are  most  easily  detected  when  they  take  place 
close  to  or  at  the  margin  of  the  sea,  the  surface  of  which  serves  as  a 
datum-plane  from  which  to  determine  their  amount.  Plence  volcanic 
islands  in  the  ocean  are  specially  favourablce  places  for  the  detection  of 
such  movements  (pp.  332-342).  We  must  not  suppose,  however,  that 
changes  of  level  are  less  frequent  at  more  inland  centres  of  volcanic  activity, 
^  On  the  weathering  of  the  Etna  lavas,  see  ‘  Der  Aetna,’  ii.  p.  397. 
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tliDugh  it  is  not  so  easy  there,  without  careful  lewelliiigs,  to  prove  their 
occurrence  and  extent.  Where  marine  strata  have  heeii  carried  np  above 
sea-level,  they  supply  clear  evidence  of  elevation.  Such  proofs  are  fre¬ 
quent  among  volcanic  vents,  like  Etna,  Yesiivius,  and  other  Mediterranean 
volcanoes,  which  began  their  history  as  submarine  vents,  and  owe  their 
present  dimensions  not  only  to  the  accumulation  of  ej  ected  materials,  but 
also,  to  some  extent,  to  an  elevation  of  the  sea-bottom. 

After  a  period  of  great  volcanic  activity,  sii])sidence  or  “sagging” 
may  take  place  at  and  around  the  focus  of  discharge.  Such  a  lowering 
of  the  ground,  obviously  most  easily  detected  at  sea-level,  leads  to  the 
submergence  of  the  tracts  alFected  by  it.  Thus  during  the  eruption  of 
Santorin  in  1866-67,  very  decided  hut  extremely  local  subsidence  took 
place  near  the  vent  in  the  centre  of  the  old  crater. 

Though  the  interior  of  modern  volcanic  cones  can  loe  at  the  hesfhut 
very  partially  examined,  the  study  of  the  sites  of  long-extinct  cones,  laid 
hare  after  denudation,  shows  that  siihsideiice  of  the  ground  has  commonly 
taken  place  at  and  round  a  vent.  Theoretically  two  causes  may  he  assigned 
for  this  structure.  In  the  first  place,  the  mere  piling  up  of  a  huge  mass 
of  material  round  a  given  centre  tends  to  press  clown  the  rock  underneath, 
as  some  railway  embankments  may  ]>e  observed  to  have  done,  where 
they  have  been  made  on  soft  ground.  This  pressure  must  often  amount 
to  several  hundred  tons  on  the  sijuare  foot.  In  the  second  place,  the 
expulsion  of  volcanic  material  to  the  surface  may  leave  cavities  under¬ 
neath,  into  which  the  overlying  crust  will  naturally  gravitate.  These 
two  causes  combined,  as  suggested  by  Mr,  Mallet,  afford  a  probable 
explanation  of  the  sancer-shaped  depression.s  in  which  many  ancient  and 
some  modern  vents  appear  to  lie.^ 

Among  the  records  of  volcanic  action  in  past  geological  time  many 
proofs  are  to  he  found  that  it  took  place  in  areas  where  the  predominant 
terrestrial  movement  was  one  of  subsidence.  Tims  among  the  Palmozoic 
systems  of  Britain  the  Oamhriaii,  Silurian,  Devonian,  ( hirhoniferous,  and 
Permian  volcanoes  successively  appeared,  and  their  lavas  and  tuffs  were 
carried  down  and  louried  under  thousands  of  feet  of  sedimentary 
deposits.'^ 

Torrents  of  Water  and  Mud. — We  have  seen  that  large  Cjuantities 
of  water  accompany  many  volcanic  eruptions.  In  some  cases,  where 
ancient  crater-lakes  or  internal  reservoirs,  shaken  l)y  repeated  detonations, 
have  been  finally  disrupted,  the  mud  which  has  thereby  been  liberated 
has  issued  from  the  mountain.  Such  mud-lava”  {hu'if.  (facqna)^  on 
account  of  its  liquidity  <and  swiftness  of  motion,  is  more  dreaded  for 
destructiveness  than  even  the  true  melted  lavas.  On  the  other  hand, 
rain  or  melted  snow  or  ice,  rushing  down  the  cone  and  taking  up  loose 
volcanic  dust,  is  converted  into  a  kind  of  mud  that  glows  more  and  more 
pasty  as  it  descends.  The  mere  sudden  rush  of  such  large  bodies  of 
water  down  the  steep  declivity  of  a  volcanic  cone  cannot  fail  to  effect 

^  Mallet,  (}.  ./.  O'.  N.  xxxiii.  p.  740.  Set'  also  tlie  aecouiit  of  “  Volcaiiit;  Xeelcs,”  in 
Book  IV.  PartVII. 

-  See  this  lii.story  given  in  detail  in  ‘■Ancient  Volcfuioes  of  ( Ireat  Hrituiii.’ 
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much  geological  change.  Deep  trenches  are  cut  out  of  the  loose  volcanic 
slopes,  and  sometimes  large  areas  of  woodland  are  swept  away,  the  debris 
being  strewn  over  the  plains  below. 

One  of  these  mud -lavas  invaded  Herculaneum  during  the  great 
eruption  of  79,  and  by  quickly  enveloping  the  houses  and  their  contents, 
has  preserved  for  us  so  many  precious  and  perishable  monuments  of 
antiquity.  In  the  same  district,  during  the  eruption  of  1622,  a  torrent 
of  this  kind  poured  down  upon  the  villages  of  Ottajano  and  JMassa,  over¬ 
throwing  walls,  filling  up  streets  and  even  burying  houses  with  their 
inhabitants.  During  the  great  eruption  of  Cotopaxi,  in  June  1877, 
enormous  torrents  of  water  and  mud,  produced  by  the  melting  of  the 
snow  and  ice  of  the  cone,  rushed  down  from  the  mountain.  Huge  portions 
of  the  glaciers  of  the  mountain  were  detached  by  the  heat  of  the  rocks 
below  them,  and  rushed  down  bodily,  breaking  up  into  blocks.  The  villages 
all  round  the  mountain  to  a  distance  of  sometimes  more  than  ten  geo¬ 
graphical  miles  were  left  deeply  buried  under  a  deposit  of  mud  mixed 
with  blocks  of  lava,  ashes,  pieces  of  w^ood,  lumps  of  ice,  &c.^  Many  of 
the  volcanoes  of  Central  and  South  America  discharge  large  quantities  of 
mud  directly  from  their  craters.  Thus,  in  the  year  1691,  Imbaburu,  one 
of  the  Andes  of  Quito,  emitted  floods  of  mud  so  largely  charged  with 
dead  fish  that  pestilential  fevers  arose  from  the  subsequent  effluvia. 
Seven  years  later  (1G98),  during  an  explosion  of  another  of  the  same 
range  of  lofty  mountains,  Carguairazo  (14,706  feet),  the  summit  of  the 
cone  is  said  to  have  fallen  in,  while  torrents  of  mud  containing  immense 
numbers  of  the  fish  Pymelodiis  Of/dopm,  poured  forth  and  covered  the 
ground  over  a  space  of  four  square  leagues.-  The  carbonaceous  mud 
(locally  called  7noya)  emitted  by  the  Quito  volcanoes  sometimes  escapes 
from  lateral  fissures,  sometimes  from  the  craters.  Its  organic  contents, 
and  notably  its  siluroid  fish,  which  are  the  same  as  those  found  liA’ing 
in  the  streams  above  ground,  prove  that  the  water  is  derived  from  the 
surface,  and  accumulates  in  craters  or  underground'  cavities  until  dis¬ 
charged  by  volcanic  action.  Similar  but  even  more  stupendous  and 
destructive  outpourings  are  said  to  have  taken  place  from  the  x'olcanoes 
of  Java,  where  wide  tracts  of  luxuriant  vegetation  have  at  different  times 
been  buried  under  masses  of  dark  grey  mud,  sometimes  100  feet  thick, 
with  a  rough  hillocky  surface  from  which  the  top  of  a  submerged  palm-tree 
would  here  and  there  protrude. 

Between  the  destructive  effects  of  mere  water-torrents  and  that  of 
these  mud-floods  there  is,  of  course,  the  notable  difference  that,  whereas 
in  the  former  case  a  portion  of  t^e  surface  is  swept  away,  in  the  latter, 
while  sometimes  considerable  demolition  of  the  surface  takes  place  at  first, 
the  main  result  is  the  burying  of  the  ground  under  a  new  tumultuous 
deposit  by  whicli  the  topography  is  greatly  changed,  not  only  as  regards 

^  Wolf,  Keues  Jahrb.  1878,  p.  133.  Stiibel,  ‘Die  Yulk.anlierge  voii  Ecuador,’  p.  153. 

^  Stiibel  declares  that  all  that  has  been  reported  about '  mud-streams  as  products  of 
volcanic  action  in  Ecuador  is  based  on  erroneous  and  incredible  statements.  ‘  Die  Vulkan- 
berge  von  Ecuador,’  p.  403. 

^  See  ante,  p.  271,  where  the  observations  of  Professor  Wichmann  on  this  subject  are  cited. 
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its  temporary  aspect,  but  in  its  more  permanent  features,  such  as  the 
position  and  form  of  its  ■water-courses. 

Effects  of  the  Closing*  of  a  Volcanic  Chimney— Sills  and  Dykes. — 
A  study  of  the  volcanic  phenomena  of  former  geological  periods,  where 
the  structure  of  the  interior  of  volcanoes  and  their  funnels  has  been  laid 
bare  by  denudation,  shows  that  in  many  cases  a  vent  becomes  plugged  up 
by  the  ascent  and  consolidation  of  solid  material  in  it,  while  yet  the 
eruptive  energy  of  the  volcano,  though  diminishing,  has  not  ceased.  A  time 
is  reached  when  the  ascending  magma,  impelled  1)}'  pressure  from  below, 
can  no  longer  overcome  the  resistance  of  the  column  of  solid  lava  or  com- 
jDacted  agglomerate  which  has  sealed  up  the  orifice  of  discharge,  or  at  least 
when  it  can  more  easily  force  a  passage  for  itself  between  the  sedimentary 
strata  on  which  the  whole  volcanic  pile  may  rest,  or  between  the  lava- 
sheets  at  the  base  of  the  pile,  or  into  fissures  in  either  or  both  of  these 
groups.  Hence  arise  intrusive  sheets  or  sills  and  dykes  or  veins  (see 
p.  287).  That  these  later  manifestations  of  volcanic  energy  ha^'e  some¬ 
times  taken  place  on  a  great  scale  is  shown  by  the  number  and  size  of 
the  sills  which,  are  found  at  the  base  of  the  Pakeozoic  volcanic  groups  of 
Britain,  where  this  feature  of  volcanic  action  has  been  especially  investi¬ 
gated.  Thus  the  great  Camlmian  and  Lower  Silurian  volcanic  outflows  of 
Arenig  and  Cader  Idris  in  North  AVales  are  underlain  with  a  profusion 
of  basic  sills.  The  same  structure  re-appears  so  markedly  <among  the 
volcanic  groups  of  the  later  Palaeozoic  formations,  and  also  in  those  of 
Tertiary  age,  that  it  must  l)e  regarded  as  marking  an  ordinary  2>hase  of 
volcanic  action.  But  it  remains  of  course  invisible  until  in  the  progress 
of  denudation  a  volcanic  cone  is  cut  down  to  the  I'oots, 

The  dissection  wrought  l^y  denudation  has  further  shown  that  in 
many  instances  the  plutonic  forces  have  not  succeeded  in  establishing  a 
connection  with  the  surface  and  thus  producing  true  wdcanic  manifesta¬ 
tions,  but  have  only  been  able  to  inject  the  magma  into  fissures  of  the 
crust  or  to  thrust  it  in  great  sheets?  between  the  l)ed(ling-planes  of 
stratified  formations.  These  uncompleted  efforts  to  form  volcanoes  have 
given  rise  to  dykes,  veins,  bosses,  sills  and  hiccolites.  (Book  lY. 
Part  VII.) 

Exhalations  of  Vapours  and  Gases. — A  \'olcaiio,  as  its  activity 
wanes,  may  pass  into  the  Solfataric  stage,  when  only  volatile  emana¬ 
tions  are  discharged.  The  well-known  Solfatara  near  Naples,  since 
its  last  eruption  in  1198,  has  constantly  discharged  steam  and 

sulphurous  vapours.  The  island  of  Ynlcano  has  now  passed  also 

into  this  phase,  though  giving  vent  to  occasional  explosions.  Numerous 

other  examples  occur  among  the  old  volcanic  tracts  of  Italy,  where 

they  have  been  termed  sqpioni}  Steam,  escaping  in  conspicuous  jets, 
sulphuretted  hydrogen,  hydrochloric  acid  and  caibonic  acid  are  pai*- 
ticularly  noticeable  at  these  orifices.  The  vapours  in  iLsing  condense. 
The  sulphui'cttecl  hydrogen  partially  oxidises  into  sulphuric  acid,  which 
powerfully  corrodes  the  suri'ounding  i*ocks.  The  lava  or  tuff  through 

^  The  various  gases,  vapours  and  sublimates  of  such  fiiinaroles  have  liven  enuiiierated, 
ante,  pp.  265-270. 


314 


BOOK  in  BAHT  I 


DYNAMICAL  GEOLOGY 


which  the  hot  vapours  rise  is  bleached  into  a  white  or  yellowish  cninililiiig 
clay,  ill  which,  however,  the  less  easily  corroded  crystals  may  still  be 
recognised  in  situ.  At  the  same  time,  sublimates  of  sulphur  or  of 
chlorides  may  be  formed,  or  the  sulphuric  acid  attacking  the  linuj  of  the 
silicates  gives  rise  to  gypsum,  which  spreads  in  a  network  of  threa(ls 
and  veins  through  the  hot,  steaming,  and  decomposed  mass.  In  this 
way,  at  the  island  of  Vulcano,  obsidian  is  converted  into  a  snow-white, 
dull,  claystone-like  substance,  with  crystals  of  sulphur  and  gypsum  in  its 
crevices.  As  a  final  residue  silica  is  deposited  from  solution  at  many 
orifices,  and  coats  the  altered  rock  with  a  crust  of  chalcedony,  hyalite, 
opal,  or  some  form  of  siliceous  sinter.  As  the  result  of  solfataric  action, 
masses  of  rock  are  decomposed  below  the  surface,  and  new  deposits  of 
alum,  sulphur,  sulphides  of  iron  and  copper,  and  layers  of  silica.,  tVc.,  ai'6 
formed  above  them.  Examples  have  been  described  from  Iceland,  iii])ari, 
Hungary,  Terceira,  Teneriffe,  St.  Helena,  and  many  other  localities.^ 
The  lagoons  of  Tuscany  are  basins  into  which  the  waters  fi'oin  sohioni  are 
discharged,  and  where  a  precipitation  of  their  dissolved  salts  takes  placc\ 
Among  the  substances  thus  deposited  are  gypsum,  sulphur,  silica,  and 
various  alkaline  salts  j  but  the  most  important  is  boracic  aci<l,  the 
extraction  of  which  constitutes  a  thriving  industry.  In  (^hili  many 
solfataras  occur  among  extinct  volcanoes.^ 

Another  class  of  gaseous  emanations  betokens  a  condition  of  volcanic 
activity  further  advanced  towai*ds  final  extinction.  In  these,  the  gas 
is  carbon-dioxide,  either  issuing  directly  from  the  rock  or  bubbling  up 
with  water  which  is  often  quite  cold.  The  old  volcanic  districts  of 
Europe  furnish  many  examples.  Thus  on  the  shores  of  the  Laacher 
See — an  ancient  crater-lake  of  the  Eifel — the  gas  issues  from  numerous 
openings  called  moffette,  round  which  dead  insects,  and  occasionally 
mice  and  birds,  may  be  found.  In  the  same  region  occur  hundi'cds  of 
springs  more  or  less  charged  with  this  gas.  The  famous  Valley  of 
Death  in  Java  contains  one  Tif  the  most  remarkable  gas-springs  in 
the  world.  It  is  a  deep,  bosky  hollow,  from  one  small  space  on  the 
bottom  of  which  carbon-dioxide  issues  so  copiously  as  to  form  the 
lower  stratum  of  the  atmosphere.  Tigers,  deer,  and  wild-boar,  enticed 
by  the  shelter  of  the  spot,  descend  and  are  speedily  suffocated, 
^lany  .skeletons,  including  those  of  man  himself,  have  been  observed. 

Death  Gulch  is  the  significant  name  given  to  another  example  of  the 
accumulation  of  carbonic  acid  in  Western  America.  It  is  a  natural 
bear-trap,  where  bodies  of  grizzly  bears  and  other  animals  have  been 
noticed.^ 


^  \ou  Buell,  ‘Cauar.  Iiiselu,’  p.  232.  Hoffmann,  l^or/g.  Ann.  1832,  pp.  38,  40,  00. 
Bunsen,  Ann.  Chem.  Pharm.  Ixii.  (1847),  p.  10.  Darwin,  ‘Volcanic  Islaiid.s,’  p,  29. 
:Nasmi,  Anderlini  and  Salvadori,  Nature,  Iviii.  (1898),  p.  269.  L.  ColoinUa  on  the  altcralionH 
produced  by  solfataric  action,  Bull.  Soc.  iieol.  ItaL  xx.  (1901),  p.  223  ;  also  xix.  (1900\ 
p.  521  The  name  Proinjlite,  as  already  mentioned  [ante,  p.  230),  Inis  been  proposed  by 
Eosenbnscli  to  be  restricted  to  certain  andesites  and  allied  rocks  altered  by  solfatari(5  action. 
-  Domeyko,  Ann.  Mims  ix.  (7e  ser.)  Large  nmnbers  of  solfataras  occur  also  in  feelaiid. 
‘  d.  A.  Jaggar,  Pop.  8d.  Monthly,  Feb.  1899. 
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Geysers. — Eruptive  fountains  of  hot  water  and  steam,  to  wliieli  the 
general  inaine  of  Geysers  (Le,  gushers)  is  given,  from  the  examples  in  Ice¬ 
land,  which  were  the  first  to  be  seen  and  described,  mark  a  declining 
phase  of  volcanic  activity.  The  Great  and  Little  Geysers,  the  Strokkr 
and  other  minor  springs  of  hot  water  in  Iceland,  have  long  been  celebrated 
examples.  Another  series  in  j^ew  Zealand,  remarkable  for  the  beauty  of 
its  sinter-terraces,  was  destroyed  by  the  volcanic  eruption  in  1886  (ante,  p. 
291).  But  probably  the  most  striking  and  numerous  assemblage  is  that 
which  has  heeu  1)rought  to  light  in  the  north-west  part  of  the  territory  of 
Wyoming,  and  which  has  been  included  within  the  “  Yellowstone  National 
Park’^ — a  region  set  apart  by  the  Congress  of  the  United  States  to  he  for 
ever  exempt  from  settlement,  and  to  be  retained  for  the  instruction  of 
thep)eople.  In  this  singular  region  the  ground  in  certain  ti*acts  is  hoiiey- 
eoniloed  with  passages  which  communicate  with  the  surface  by  hundreds 
of  openings,  whence  boiling  water  and  steam  are  emitted.  In  most  cases, 
the  water  remains  clear,  trancpiil,  and  of  a  deep  green-blue  tint,  though 
many  of  the  otherwise  cpiiet  pools  are  marked  hy  patches  of  rapid 
ebullition.  These  pools  lie  on  mounds  or  sheets  of  sinter,  and  are  usually 
edged  round  until  a  luised  rim  of  the  same  substance,  often  beautifully 
fretted  and  streaked  with  brilliant  colours.  The  eruptive  openings 
u.sually  appear  <3n  small,  low,  conical  elevations  of  sinter,  from  each  of 
which  one  or  more  tubular  projections  rise.  It  is  from  these  irregular 
tube-like  excrescences  that  the  eruptions  take  place. 

The  term  geyser  is  restricted  to  active  openings  whence  columns  of 
hot  water  and  steam  are  from  time  to  time  ejected  ;  the  non- eruptive 
pools  are  only  hot  springs.  A  true  geyser  should  thus  possess  an  uiider- 
gronncl  pipe  or  passage,  terminating  at  the  surface  in  aii  opening  built 
round  with  deposits  of  sinter.  At  more  or  le.ss  regulai*  intervals, 
rumblings  and  sharp  detonations  in  the  pipe  are  followed  by  an  agitation 
of  tlie  water  in  the  ])asin,  and  then  by  the  violent  expulsion  of  a  column 
of  water  and  steam  to  a  eonsideralde  height  in  the  air.  In  the  Upper 
Tire  Hole  basin  of  the  Yellowstone  Park,  one  of  the  geysers,  named  “Old 
Paithful  (Fig.  51),  ever  .since  the  discovery  of  the  region  lias  sent  out  a 
column  of  mingled  water  and  steam  every  .sixty- tlir(‘e  inimites  or  there¬ 
abouts.  The  column  rushes  up  with  a  loud  roar  to  a  height  of  more  than 
100  feet,  the  whole  eniptiou  not  occupying  more  than  about  five  or  six 
miuiite.s.  The  other  geysers  of  the  same  district  arc  more  capricious  in 
their  movements,  and  some  of  them  more  .stupendous  in  the  volume  of 
tlieii’  discharge.  The  eruptions  of  the  Castle,  Giant,  and  Beehive  vents 
are  marvellously  impressive.^ 

Ill  examining  tlie  Yellowstone  Geyser  region  in  lS7h,  the  author  was 
specially  struck  by  the  evident  indejiendence  of  the  vents.  This  was 

^  See  lluijJcii’s  Re.iH\rU  for  1S70  and  for  IS78,  in  the  latter  of  wliieli  will  Le  found  a 
vohimiions  moiiograpL  on  the  Hot  Springs  ])y  C.  Peale.  (Join.stoek’s  Eepoit  in  Joiieshs 
‘Reconnaissance  of  X.W.  Wyouiing,  &c./  1874.  T.  A.  Jaggar,  Atnar.  Juvr,i.  Sd.  May  1898. 
Mun,  Iviii.  (1898),  p.  261.  Weed,  School  of  Mi New  Torlr,  xi.  (1890),  No. 
4,  p.  289.  Aiidree,  Jalidu  1893,  ii.  p.  1.  The  deposits  of  Lot  springs  are  further 

referred  to  on  pp.  195,  473,  611. 
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shown  bv  their  very  different  levels,  as  well  as  by  their  capricious  and 
unsympathetic  eruptions.  On  the  same  hill-slope,  dozens  of  quiet  pools, 
as  well  as  some  true  geysers,  were  noticed  at  different  levels,  from  the 
edge  of  the  Fire  Hole  Fiver  up  to  a  height  of  at  least  80  feet  above  it. 
Yet  the  lower  pools,  from  which,  of  course,  had  there  Ijeen  underground 
connection  between  the  different  vents,  the  drainage  should  have  princi¬ 
pally  discharged  itself,  were  often  found  to  be  quiet  steaming  pools 
without  outlet,  while  those  at  higher  points  were  occasionally  in  active 
eruption.  It  seemed  also  to  make  no  difference  in  the  height  or  tran¬ 
quillity  of  one  of  the  quietly  boiling  caldrons,  when  an  active  2)rojection 
of  steam  and  water  was  going  on  from  a  neighbouring  vent  on  the  same 
gentle  slope. 


Fig.  51.— View  of  Old  Faithful  Geyser,  and  others  in  the  distance,  Fire  Hole  Uivur, 
Yellowstone  Park. 


Bunsen  and  Descloiseaux  spent  some  days  experimenting  at  the 
Icelandic  geysers,  and  ascertained  that  in  the  Great  Geyser,  w\\\h  the 
surface  temperature  is  about  212°  Fahr.,  that  of  lower  portions  of  the 
tube  is  much  higher — a  thermometer  giving  as  high  a  reading  as  266 ' 
Fahr.  The  water  at  a  little  depth  must  consequently  be  54  '  aliove  the 
normal  boiling-point,  but  it  is  kept  in  the  fluid  state  hy  the  ]>ressure  of 
the  overlying  column.  At  the  basin,  however,  the  water  cools  quickly. 
After  an  explosion  it  accumulates  there,  and  eventually  begins  to  1)oil 
The  pressure  on  the  column  below  being  thus  relieved,  a  portion  of  the 
superheated  water  flashes  into  steam,  and  as  the  change  passes  down  the 
pipe,  the  whole  column  of  water  and  steam  rushes  out  with  great  violence. 
The  water  thereafter  gradually  collects  again  in  the  pipe,  and  after  an 
interval  of  some  hours  the  operation  is  renewed.  The  experiments  made 
hy  Bunsen  proved  the  source  of  the  eruptive  action  to  lie  in  the  hot  part 
of  the  pipe.  He  hung  stones  by  strings  to  different  depths  in  the  funnel 
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of  the  geyser,  and  found  that  only  those  in  the  higher  part  ^vere  cast 
out  by  the  rush  of  water,  sometimes  to  a  height  of  100  feet,  while,  at 
the  same  time,  tlie  water  at  tlie  bottom  was  hardly  disturbed  at  all. 
These  observations  give  much  interest  and  importance  to  the  phenomena 
of  geysers  in  relation  to  volcanic  action.  They  show  that  the  eruptive 
force  in  geysers  is  steam;  that  the  water  column,  even  at  a  comparatively 
small  depth,  may  have  a  temperature  considerably  above  212° ;  that  this 
high  temperature  is  local ;  and  that  the  eruptions  of  steam  and  water 
take  place  periodically,  and  with  such  vigour  as  to  eject  large  stones  to 
a  height  of  1 0  0  feet.^ 

The  hot  water  conies  up  with  a  considerable  percentage  of  mineral 
matter  in  solution.  According  to  the  analysis  of  Sandberger,  water 
from  the  Great  Geyser  of  Iceland  contains  in  10,000  parts  the  following 
proportions  of  ingredients:  silica,  5*097;  sodium -carbonate,  1*939; 
ammoninm-carboiiate,  0*083 ;  sodinm-snlphate,  1*07;  potassium-sulphate, 
0'475;  magnesium -sulphate,  0*042;  sodium- chloride,  2*521;  sodium- 
sulphide,  0*088;  carbonic  acid,  0*1357  — 11 -872.- 

When  the  water  has  reached  the  surface,  it  deposits  the  silica  as  a 
sinter  on  the  surfaces  over  which  it  flows  or  on  which  it  rests.^  The 
deposit,  which  is  not  due  to  mere  cooling  and  evaporation,  is  curiously 
aided  by  the  presence  of  living  algae  {posfeiiy  p.  611).  It  naturally  takes 
place  fastest  along  the  margins  of  the  pools.  Hence  the  curiously  fretted 
rims  by  which  these  sheets  of  water  ai*e  surrounded,  and  the  tubidar  or 
cylindrical  protuberances  which  rise  from  the  growing  domes.  "Where 
numerous  hot  springs  have  issued  along  a  slope,  a  succession  of  basins 
gives  a  curiously  picturesque  terraced  aspect  to  the  ground,  as  at  the 
Mammoth  Springs  of  the  Yellowstone  Park  and  at  the  now  destroyed 
terraces  of  Rotamahana  in  New  Zealand. 

In  course  of  time,  the  network  of  underground  passages  undei*goes 
alteration.  Orifices  that  were  once  active  cease  to  erupt,  and  even  the 
water  fails  to  overflow  them.  Sinter  is  no  longer  formed  round  them, 
and  their  surfaces,  exposed  to  the  \veather,  crack  into  fine  shaly  rubbish 
like  comminuted  oyster-shells.  Or  the  cylinder  of  sinter  grows  upward 
nntil,  by  the  continued  deposit  of  sinter  and  the  failing  force  of  the 
geyser,  the  tube  is  finally  filled  up,  and  then  a  dry  and  crumbling  white 
pillar  is  left  to  mark  the  site  of  the  extinct  geyser. 

Ind- Volcanoes.^ — These  are  of  two  kinds  :  1st,  where  the  chief 

^  Comptes  7'endiis,  xxiii.  (1846),  p.  934.  Poi/'f.  Aitnal.  Ixxii.  (1S47),  p.  159;  Ixxxiii. 
(1851),  p.  197.  Ann.  Oiiuiie.,  xxxviii.  (1853),  ]3p.  215,  385.  The  explaiiatioii  proposed  for 
tlie  pleroinena  observed  at  the  Great  Geyser  is  i)robiibly  not  apj>lical)le  in  those  caises  where 
the  mere  local  accumulation  of  steam  in  suitable  reservoirs  may  be  snUicient. 

-  Aoimd.  Clierti.  wul  Phwnn.  1847,  p.  49.  A  .series  of  detailed  analyse.s  of  tlie  liot  spriiig.s 
of  the  Yellowstone  ^National  Park  will  he  found  in  IN'o.  47  of  tlie  BnU.  (f.  K  <L  S.  1888. 

For  an  account  of  the  geyserite  of  tlie  Yellowstone  district,  see  papers  by  W.  H. 
WiiGd,  Amer.  Jouni.  ScL  :k.xxv\\.  (1889),  and  Oth  Ann.  Rep.  U.  S.  (RoL  Ai/er.  1890. 

**  On  MUD -VOLCANOES,  See  Bwmeii,  Ziehu/s  Aoumal,  Ixiii.  (1847),  p.  1  ;  Abieli,  Men. 
Acad.  St.  Petersburg,  7^ser.  t.  vi.  No.  5,  ix.  No.  4;  Dauheny’s  rainuioes,  pp.  2G4,  539  ; 
Burst,  Trans.  Bombay  Gmgrapli.  Sue.  x.  p.  154;  Roberts,  Jovrii.  Hoy.  AuhtUc  Soe,  1850  ; 
De  Verneuil,  mm.  Aoc.  ffeuL  Fm/ire,  iii.  (1838),  p.  4;  Stilfe,  G*.  S.  xxx.  p.  50  ;  Vou 
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source  of  movement  is  the  escape  of  gaseous  discharges ;  2nd,  where  the 
active  agent  is  steam. 

(1)  Although  not  volcanic  in  the  proper  sense  of  the  term,  certain 
remarkable  orifices  of  eruption  may  be  noticed  here,  to  which  the 
names  of  himJ-volca noes,  salses,  s<dinelleji,  air-rtflcanoes,  and  '/luiccaluhas  have 
been  applied  (Sicily,  the  Apennines,  Caucasus,  Kertch,  Taman,  mouth  of 
the  Indus).  These  are  conical  hills  formed  ])y  the  accumulation  of  fine  and 
usually  saline  mud,  which,  with  various  gases,  is  continuously  or  intermit¬ 
tently  given  out  from  the  orifice  or  crater  in  the  centre.  They  occur  in 
groups,  each  hillock  being  sometimes  less  than  a  yard  in  height,  but 
ranging  up  to  elevations  of  100  feet  or  more.  Like  true  volcanoes,  they 
have  their  periods  of  repose,  when  either  no  discharge  takes  place  at  all, 
or  mud  oozes  out  tranquilly  from  the  crater,  and  their  epochs  of  activity, 
when  large  volumes  of  gas,  and  sometimes  columns  of  flame,  rush  out  with 
considerable  violence  and  explosion,  and  throw  up  mud  and  stones  to  a 
height  of  several  hundred  feet.  The  gases  iday  much  the  same  part, 
therefore,  in  these  phenomena  that  steam  does  in  those  of  true  volcanoes. 
They  consist  of  marsh  -  gas  and  other  hydrocarbons,  carbon  -  dioxide, 
sulphuretted  hydrogen,  and  nitrogen,  with  petroleum  vapours.  The 
mud  is  usually  cold.  In  the  water  occur  various  saline  ingredients, 
among  which  common  salt  generally  appears ;  hence  the  name, 
Naphtha  is  likewise  frequently  present.  Large  pieces  of  stone,  differing 
from  those  in  the  neighbourhood,  have  been  observed  among  the 
ejections,  indicative  doubtless  of  a  somewhat  deeper  source  than  in 
ordinary  cases.  Heavy  rains  may  wash  dowm  the  minor  mud-cones  and 
spread  out  the  material  over  the  ground;  hut  gas-bubbles  again  appear 
through  the  sheet  of  mud,  and  by  degrees  a  new  series  of  mounds  is 
once  more  thrown  up. 

There  can  be  little  doubt  that  this  type  of  mud- volcano  is  to  be  traced  to  clieiuical 
changes  in  progress  underneath.  Dr.  Daubeny  explained  them  in  Sicily  by  the  slow 
combustion  of  beds  of  sulphur.  The  fre(][ueiit  occurrence  of  naphtha  and  of  iiiilannnable 
gas  rather  points  to  the  disengagement  of  hydrocarbons  from  the  access  of  water  to 
metallic  carbides  (pp.  86,  270),  possibly  sometinies  to  the  destructive  distillation  of 
seams  of  coal. 

In  connection  with  these  gaseous  emanations,  reference  may  be  made  here  to  those 
instances,  now  observed  in  many  parts  of  the  world,  wliere  volatile  hydrocarbons  are 
given  off  from  the  ground  without  any  visible  manifestation  of  their  presence  until 
they  are  lighted.  Such  discharges  occur  in  many  of  the  districts  where  mud-volcanoes 
appear,  as  in  jN’orthern  Italy,  on  the  Caspian,  in  Mesopotamia,  in  Southern  Kurdistan, 
and  in  many  parts  of  the  United  States.  It  has  been  observed  that  they  sometimes 
rise  in  regions  where  beds  of  rock-salt  lie  underneath;  and  as  that  rock  ha.s  been 
ascertained  often  to  contain  compressed  gaseous  hydrocarbons,  the  solution  of  the 
rock  by  subterranean  water,  and  4:be  consequent  liberation  of  the  gas,  has  been  offered 
as  an  explanation  of  these  fire-wells.  But  it  is  where  abundant  petroleum  exists  under- 
neatli  that  the  volatile  hydrocarbons  are  most  plentiful.  In  the  oil  regions  of 
Pennsylvania,  for  example,  certain  sandy  strata  occur  at  various  geological  horizons 
whence  large  quantities  of  petroleum  and  gas  are  obtained.  In  making  the  borings 


Lasaulx,  Z.  D.  O.  G.  xxxi.  p.  457  ;  Giimbel,  SUzb.  Alrid.  Milncli.  1879  ;  F.  R.  Mallet,  IlecT 
OeoL  Smn".  India,  xi.  p.  188  ;  H.  Sjogren,  Jahrh.  GeoL  Reiclisanst.  xxxvii.  (1887),  p.  233. 
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for  oil -wells,  reserv'oirs  of  gas  a.s  woll  a.s  sulterraiieaii  courses  or  springs  of  water 
are  met  with.  the  supply  of  oil  is  limited  but  that  of  gas  is  large,  a 

contest  for  po.ssessioii  of  the  bore -hole  sometimes  takes  place  between  the  gas  and 
water.  When  the  rnsLchinery  is  removed  and  the  hoiing  i.s  abandoned,  the  contest  i.s 
allowed  to  proceed  lui impeded  and  results  in  the  iiiterniittent  discluirge  of  columns  of 
water  and  gas  ‘to  heights  of  130  feet  or  more.  At  night,  when  the  gas  has  been  lighted, 
the  spectacle  of  one  of  these  hre-geysers  ”  is  ineonceiviibly  graiidA 

Ill  the  oil  region  of  Bahii  on  the  Caspian  similar  jihenoinena  are  displayed.  I’ke 
escape  of  infiarnniable  gas  from  the  ground  has  there  been  known  for  many  ceiiturie.s, 
a  temple  liav’ing  been  erected  by  tire-worshippers  at  one  of  the  places  where  the  dis¬ 
charge  is  copious.  The  chief  tower  of  the  enclosure  is  built  over  one  of  the  spots  whence 
the  gas  rises  most  freely,  so  that  the  flame  blazed  from  its  top.  1  hough  now  disused, 
this  shrine  is  still  preserved,  and  I  liawe  seen  the  gas  lighted  at  it.  In  the  same 
neighbourhood  limestone  is  burnt  by  stacking  it  over  a  gas-escape  and  setting  a  light 
to  the  pile.  Even  from  the  bed  of  the  Caspian  Sea  at  some  little  distance  from  the 
shore,  the  gas  continues  to  rise  through  the  water,  the  surface  of  which  in  calm  weather 
appears  to  be  in  a  state  of  effervescence.  IVheii  a  piece  of  lighted  rope  is  thrown  on 
the  spot  the  gas  at  once  bursts  into  flame  and  burns  on  the  .suiface  of  the  sea  until 
blown  out  by  the  wind.  At  some  of  the  miinerous  oil-wells  which  have  been  sunk 
around  Baku,  the  gas  accumulates  and  at  intervala  rushes  with  great  violence,  carryiiig 
with  it  a  large  dark  coluiiin  of  oil  and  water  for  lifty  feet  or  more  above  the  level  of 
the  ground. 

Certain  pseudo-volcanic  effects  have  been  produced  by  the  ignition  of  heels  of  coal, 
particularly  through  the  decompjositioii  of  pyrites,  whereby  a  great  heat  is  gen  crated. 
The  ^‘biiriiiiig  hills’' of  Turkestan  have  been  referred  to  the  .subterranean -combustion 
of  beds  ofTiirassic  coal.” 

(2)  The  second  class  of  miid-YDlcaiio  jn’eseiits  itself  in  true  volcanic 
regions,  and  is  due  to  the  escape  of  hot  water  and  steam  through  Ijods 
of  tuff"  or  some  other  friable  Mud  of  rock.  The  mud  is  kept  in  ehullitioii 
by  the  rise  of  steam  through  it.  As  it  becomes  more  pasty  and  the 
steam  meets  with  greater  resistance,  large  bubbles  are  fornie<l  wliich 
burst,  and  the  more  li(|iiid  mud  from  l)elow  oo;c€S  out  from  tlie  A'eiit. 
In  this  -way,  small  cones  are  built  up,  many  of  -wliich  have  perfect 
craters  atop.  In  the  Geyser  tracts  of  the  Yelloivstone  region,  there  are 
instructive  examples  of  such  active  and  extinct  mud- vents.  8ome  of 
the  extinct  cones  there  are  not  more  than  a  foot  high,  aod  might  lie 
carefully  removed  as  museum  specimens. 

S  3.  Structure  of  "\"olcanocs. 

\¥e  have  now  to  consider  the  manner  in  wliicdi  the  various  solid 
materials  ejected  bj  volcanic  action  are  Iniilt  up  at  the  surface.  This 
inq[iiiry  will  he  restricted  here  to  the  phenomena  of  modern  volcanoes, 

1  Ashburiier,  I-'i'fjc.  Ainer.  El  til.  Sue.  .w'ii.  (1877),  p.  157.  I^Sen/rtnu  lityiorter, 

15th  Sept.  187S.  SecomEwcol.  Hurrcij  of  EiUiHsijl ranin^  coutuiiiiiig  Reports  l)y  J.  Ckudl  1877, 
1880.  J.  S.  Isewbeiry,  “The  Tir.st  Oil  Well,”  Ilarpef^  AhnjaFme.  Oct.  1H90.  On  the 
naphtha  districts  of  the  Ca.spiaii  Sea,  Abicli,  Jahr7j.  (U’u/,  Reirhs.  xxix.  (1879)'  P-  Ib'b. 
H.  Sjogren,  np.  c/7,  x.xxvii.  (1887),  p.  47.  (t  Marvin,  ‘  Region  of  Elornal  Fire,’ London, 
1884.  See  also  for  plieuoiiifeiifi  in  Gallicia,  JiSir/o  (ieol  AV/VZ/.s.  vv.  pp.  199,  351  ;  xvii.  p. 
t291  ;  xviii.  p.  311 ;  xxxi.  (1881),  p.  131.  Lisf,  Ci(\  EKf/uien’n,  ,\lii.  (1875),  p.  343. 

-  J.  Minschketofr,  Jahrb.  (1876),  p.  5 IB. 
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including  the  active  and  dormant,  or  recently  extinct,  phases.  Obviously, 
however^  in  a  modern  volcano  we  can  study  only  the  upper  and.  external 
portions,'  the  deeper  and  fundamental  parts  being  still  concealed  from 
view.  But  the  interior  structure  has  been,  in  many  cases,  laid  open 
among  the  volcanic  products  of  ancient  vents.  As  these  belong  to  the 
architecture  of  the  terrestrial  crust,  they  are  described  in  Book^  IV. 
The  student  is  therefore  recpiested  to  take  the  descriptions  there  given, 
in  connection  with  the  foregoing  and  present  sections,  as  related  chapters 
of  the  study  of  volcanism. 

Confining  attention  at  present  to  modern  volcanic  action,  w'e  find 
that  the  solid  materials  emitted  from  the  earth’s  interior  are  arranged 
in  two  distinct  types  of  structure,  according  as  the  eruptions  proceed 
from  large  central  orifices  or  from  fissures  that  reach  up  to  the  surface. 
In  the  former  case,  volcanic  cones  are  produced ;  in  the  latter,  volcanic 
plateaux  or  plains. 

i.  Folcanic  Cone'<. 

The  type  of  the  volcanic  cone,  or  ordinary  volcano,  is  now  the  most 
abundant  and  best  known.  From  some  weaker  point  of  a  fissure,  or  from  a 
vent  opened  directly  by  explosion,  volcanic  discharges  of  gas  and  vapours, 
with  or  without  their  liquid  and  solid  accompaniments,  make  their  way  to 
the  surface.  Where  the  explosive  energy  has  been  great,  but  has  not  ex¬ 
pelled  volcanic  products,  either  as  lava  or  as  ashes  and  stones,  the  vent  of 
discharge  may  be  left  as  a  cavity  on  the  ground,  around  which  the  debris 
shot  out  of  the  funnel  forms  a  low  rim  or  a  more  or  less  perfect  cone.  More 
usually  molten  or  fragmentary  volcanic  materials  are  ejected  so  as  to  form 
a  conical  hill  or  mountain,  the  form  and  size  of  which  may  greatly  vary 
according  to  the  nature  and  duration  of  the  eruptions.  But  the  typical 
form  which  may  be  recognised  through  all  these  variations  is  that  of  the 
cone  of  accumulation.  As  this  cone  increases  in  height,  by  successive 
additions  of  ashes  or  lava  to  its  surface,  these  volcanic  sheets  arc  laid 
down  upon  progressively  steeper  slopes.  The  inclination  of  beds  of  lava, 
which  must  have  originally  issued  in  a  more  or  less  liquid  condition, 
offered  formerly  a  difficulty  to  observers,  and  suggested  the  famous  theory 
of  Elevation-craters  (Erhehmgskratere)  of  L.  von  Buch,'^  Elie  de  Beaumont,*^ 
and  other  geologists.  According  to  this  theory,  the  conical  shape  of  a 
volcanic  cone  arises  mainly  from  an  upheaval  or  swelling  of  the  ground, 
round  the  vent  from  which  the  materials  are  finally  expelled.  A  portion 
of  the  earth’s  crust  (represented  in  Eig.  53  as  composed  of  stratified 
deposits,  ab  g  h)  was  believed  to  have  been  pushed  up  like  a  huge  blister, 
by  forces  acting  from  below  (at  c)  until  the  summit  of  the  dome  gave  way 
and  volcanic  materials  were  emitted.  At  first  these  might  only  partially 
fill  the  cavity  (as  at  /),Hbut  subsequent  eruptions,  if  sufficiently  copious, 
would  cover  over  the  truncated  edges  of  the  pre- volcanic  rocks  (as  at  g  h), 
and  would  be  liable  to  further  upheaval  by  a  renewal  of  the  original 
upward  swelling  of  the  site. 

^  Logg.  Atm,  ix.  x.  xxvii.  p.  169. 

“  Bull.  (r\  F.  iv.  p.  357.  Ann.  des  AHnes,  ix.  and  x. 
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It  -was  a  matter  of  prime  importance  iii  the  interpretation  of  volcanic 
action  to  have  this  question  settled.  To  Poulett  Scrope,  Constant 
Prevost,  and  Lyell,  belongs  the  merit  of  disproving  the  Elevation-crater 


Pig.  52. — Section  illustrative  oftlie  Elevation-crater  Theory. 

theory".  Scrope  showed  conclusively  that  the  steep  slope  of  the  lava-beds 
of  a  volcanic  cone  was  original.^  Constant  Pr6vost  pointed  out  that 
there  was  no  more  reason  why  lava  should  not  consolidate  on  steep  slopes 
than  that  tears  or  drops  of  wax  should  not  do  so.^  hyell,  in  successive 


Tig.  58. -Diagram-section  of  a  normal  Volcano. 

icr,  Pre-voleanic  platform,  siippo.sedhere  to  consist  of  upraiHed  stratified  rocks,  broken  throiigli  hy  tlio 
funnel/,  from  vvliicli  the  cone  of  volcanic  niati'rials  e  o  has  been  <;ruj>ta<l.  Inside  the  crater 
previously  cleared  by  some  great  explosion,  a  minor  cone  may  bo  forrruHl  during  fecibler  phases  of 
volcanic  action,  and  this  inner  cone  may  increase  in  sizo  until  the  original  cone  is  built  up  again, 
as  sho'vvn  by  the  clotted  line.s. 

editions  of  his  works,  and  subsequently  hy  an  examination  of  the  Canary- 
Islands  with  Hartung,  brought  forward  cogent  arguments  against  the 
Elevation-crater  theory.^  A  comparison  of  Eig.  52  with  Eig.  53  will  show 
at  a  glance  the  difference  hetveen  this  theory  and  the  views  of  volcanic 

^  ‘ Considerations  on  Volcanoes,’  1825.  ‘The  Oeology  of  Central  Prance,’  182(5-27,  2iid 
edit.  1858.  ‘  Volcanoes,’  2nd  edit.  1872.  “  On  the  Foxination  of  Cone.s  and  Craters  and  the 
nature  of  the  Liquidity  of  Lavas,”  Q,  J.  G,  S.  xii.  p.  326. 

^  Com^tes  rendus,  i.  (1835),  p.  460  ;  xli.  (1855),  p.  919. 
ii.  p.  105,  and  Bull.  xiv.  p.  217.  SociiU  Phibm,  Paris,  Proc.  Verb.  1843,  p.  IS. 

Phil.  Trails.  1858,  p.  703.  See  the  remarks  of  Fouqui',  ‘Santorin,’  pp.  400-422. 
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structure  now  universally  accepted.  The  steep  declivities  on  which  lava 
can  actually  consolidate  have  been  referred  to  on  p.  305. 

Tiie  typical  conical  form  of  most  volcanoes  is  that  naturally  assumed 
by  a  self-supporting  mass  of  coherent  material  It  varies  slightly  accord¬ 
ing  to  the  nature  of  the  substance  of  the  cone,  the  progress  of  atmospheric 
denudation,  the  position  of  the  crater,  the  direction  in  which  materials 
are  ejected,  the  force  and  direction  of  the  wind  during  an  eruption,  the 
growth  of  parasitic  cones,  and  the  collapse  due  to  the  dying  out  of  volcanic 
energy.^  The  cone  usually  grows  by  additions  made  to  its  surface  during 
successive  eruptions,  and  though  liable  to  great  local  variation  of  contour 
and  topography,  preserves  its  general  form  with  singular  persistence. 

Among  tile  Andes,  however,  another  type  than  that  of  the  nornial  cone  has  been 
developed.  Huge  masses  of  lava  have  there  been  built  iij)  into  domes  and  piiinaeled 
rocky  isolated  mountains,  having  a  singular  diversity  of  external  form  cemliiiied  with  a 
comparative  simplicity  of  internal  structure.  Dr.  Stiibel,  who  has  so  stMlulonsly  stmlied 
the  volcanoes  of  Ecuador,  has  announced  his  conviction,  as  the,  chief  result  of  lii.s  study, 
that  the  majority  of  them  have  been  formed,  each  as  essentially  the  product  of  one 
single  outbreak  and  not  of  a  long  series  of  widely  separated  eruptions.  He,  thinks  that 
while  tho.se  volcanoes  which  have  been  gradually  built  up  by  repeated  eruptions 
necessarily  assume  a  conical  form,  those  which  have  been  })rodiic‘C(l  in  bis  opinion  by  a 
gigantic  single  ettbrt  possess  great  variety  of  shape.  He  does  not  mean  to  aflirm  that, 
in  speaking  of  a  single  eruption,  a  volcano  of  a  thousand  or  two  tliousand  metres  in 
height  and  corresponding  width  was  produced  in  a  few  days,  but  only  that  the  ejecdioiis 
by  which  the  huge  mass  was  piled  up  followed  each  other  so  closely  that  the  volcano 
was  practically  completed  before  the  mobility  of  its  lava  vvas  arrested  by  cooling  and 
consolidation.  Thousands  of  years  may  have  passed  before  the  mass  entirely  cooled, 
yet  none  the  less  he  would  regard  it  as  the  product  of  a  single  eruption.  A  volcano 
formed  in  this  way  he  terms  momijmu;  while  where  it  has  been  built  u})  by  the  gradual 
accumulations  of  successive  eruptions  he  calls  M  polygenN^ 

Many  exaggerated  pictures  have  been  drawn  of  the  steepness  of  slope 
in  volcanic  cones,  but  it  is  obvious  that  the  angle  cannot  as  a  whole 
exceed  the  maximum  inclination  of  repose  of  the  detrital  matter  ejected 
from  the  central  chimney.^  A  series  of  profiles  of  volcanic  cones 
taken  from  photographs  shows  how  nearly  they  approach  to  a  common 
average  type.^  One  of  the  most  potent  and  constant  agencies  in  modify¬ 
ing  the  outer  forms  of  these  cones  is  undoubtedly  to  be  found  in  rain 
and  torrents,  which  sweep  down  the  loose  detritus  and  excavate  ravines 
on  the  declivities  till  a  cone  may  be  so  deeply  trenched  as  to  resemble  a 
half-opened  umbrella.® 

In  the  familiar  Vesuvian  type  of  volcano  the  top  of  the  truncated 
cone  hears  the  depression  known  as  the  crater,  which  doubtless  owes  its 

J.  Milne,  (xeol.  Mag.  1878,  p.  339  ;  1879,  p.  506  ;  ^citimolog.  Ahc,  Jd.jHLii,  ix.  p.  17^b 
G.  F.  Becker,  Journ.  Sci.  xxx.  (1885),  p.  283.  H.  J.  Jolmstou-Lavis,  (JeoL  Mag.  1888. 

‘Yulkanb.  Ecuador,’  p.  351. 

^  Cotopaxi  is  a  notable  example  of  such  exaggerated  representation.  Mr.  Whymper 
found  that  the  general  angles  of  the  northern  and  southern  slopes  of  the  cone  were  rather 
less  than  30°  (‘Travels  amongst  the  Great  Andes,’  p.  123).  Humboldt  depicted  the  angle 
as  one  of  50°  I 

^  See  Milne,  Seisin.  Soc.  Japan,  ix.,  and  (ieol.  Mag.  1878,  Plate  ix. 

^  On  the  denudation  of  volcanic  cones,  see  H.  J.  Johnston-Lavis,  Q.  J.  ij,  S.  xl.  p.  103. 
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generally  circular  form  to  the  equal  expansion  in  all  directions  of  the 
explosive  vapours  from  below.  In  some  of  the  mud-cones  already  noticed, 
the  crater  is  not  more  than  a  few  inches  in  diameter  and  depth.  From 
this  minimum,  every  gradation  of  size  may  be  met  with,  up  to  huge 
precipitous  depressions,  several  miles  in  diameter,  and  thousands  of 
feet  in  depth.  In  the  crater  of  an  active  volcano,  emitting  lava  and 
scoriae,  like  Vesuvius,  the  walls  are  steep,  rugged  cliffs  of  scorched  and 
blasted  rock — red,  yellow,  and  black.  Where  the  material  erupted  is 
only  loose  dust  and  lapilli,  the  sides  of  the  crater  are  slopes,  somewhat 
steeper  than  those  of  the  outside  of  the  cone  (see  Fig.  56). 

The  crater-bottom  of  an  active  volcano  of  the  first  class,  when 
quiescent,  forms  a  rough  plain  dotted  over  with  hillocks  or  cones,  from 
many  of  which  steam  and  hot  vapours  are  ever  rising.  At  night,  the 
glowing  lava  may  be  seen  lying  in  these  vents,  or  in  fissures,  at  a  depth 
of  only  a  few  feet  from  the  surface.  Occasional  intermittent  eruptions 
take  place  and  miniature  cones  of  slag  and  scoriae  are  thrown  up.  In 
some  instances,  as  in  the  vast  crater  of  Gurung  Tengger,  in  Java,  the 
crater -bottom  stretches  out  into  a  wide  level  waste  of  volcanic  sand, 
driven  by  the  wind  into  dunes  like  those  of  the  African  deserts. 

Among  the  crater-bearing  volcanoes  there  is  usually  at  each  mountain 
one  chief  crater,  often  also  many  minor  ones, 
of  varying  or  of  nearly  equal  size.  The  volcano 
of  the  Isle  of  Bourbon  (or  E6union)  has  three 
craters.^  Not  infrequently  craters  appear  suc¬ 
cessively,  owing  to  the  blocking  up  of  the  pipe 
below.  Thus  in  the  accompanying  plan  of  the 
volcanic  cone  of  the  island  of  Vulcanello  (Fig.  54), 
one  of  the  Lipari  group,  the  volcanic  funnel  has 
shifted  its  position  twice,  so  that  three  craters 
have  successively  appeared  upon  the  cone,  and 
partially  overlap  each  other.  A  large  volcano 
like  Etna,  besides  its  main  crater,  is  sometimes 

crowded  all  over  with  small  subsidiary  cones  communicating  directly 
with  the  interior  through  the  flanks  of  the  cone,  while  sometimes  smaller 
vents  establish  themselves  for  a  time  on  the  surface  of  flowing  lava- 
streams.  Such  parasitic  cones  are  referred  to  on  p.  331. 

As  already  remarked,  many  important  volcanoes,  some  of  which  still 
display  activity,  are  without  any  crater.  This  feature  is  well  displayed 
by  the  extinct  trachytic  puys  of  Auvergne,  where  the  molten  rock  appears 
to  have  risen  in  a  pasty  condition,  forming  rounded  domes,  but  not  flow¬ 
ing  over  nor  presenting  any  eruptive  basin  on  the  top.  Mount  Ararat 
has  no  crater,  but  so  late  as  the  year  1840  a  fissure  opened  on  its  side, 
whence  a  considerable  eruption  took  place.  The  most  imposing  group  of 

^  For  information  regarding  this  volcanic  island,  see  R.  von  Idrasehe,  in  Vr.rhatidL  (koJ. 
Rdchsanst.  1875,  p.  266,  and  in  Tschennald a  Min,  MiWieiL  1875  (3),  p.  217  (4),  i).  39  ; 
and  his  work,  ‘IMelnsel  Reunion  (Bourbon),’  4to,  Vienna,  1878.  C.  Velain,  ‘Description 
gcologique  de  la  Presqu’ile  d’Aden,  de  File  de  la  Rchinion,  &c.,’  Paris,  4to,  1878  ;  and  his 
work,  ‘Les  Volcans,’  1884. 
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craterless  volcanic  cones  is  probaWy  that  presented  by  the  great  chain  of 
the  Andes.  Among  the  volcanoes  of  Ecuador,  Dr.  Stiibel  distinguishes 
fourteen  types,  which  he  names  after  the  mountains  which  best  display 
these  respective  characters.  Of  these  types  a  few  possess  summit  craters, 
some  show  vast  calderas  with  an  opening  on  one  side,  but  some  of  the 
most  colossal,  including  Chimborazo,  are  vast  domes  with  no  crater,  while 
others  present  at  their  summits  a  huge  pyramid  of  rock.^  The  same 
author  remarks  that  in  the  building  up  of  volcanic  mountains  craters  may 
play  a  part,  but  that  they  are  not  essential,  and  that  in  Ecuador  gigantic 
accumulations  of  volcanic  material  have  been  formed  without  them. 
Their  presence  or  absence  probably  depends  mainly  on  the  extent  to  which 
the  underlying  magma  holds  absorbed  elastic  vapours.  If  these  vapours 
are  present  in  large  abundance  and  endowed  with  explosive  energy  they 
will  probably  blow  out  the  outer  part  of  the  terrestrial  crust  and  con¬ 
tinue  to  keep  the  top  of  the  volcanic  chimney  open  by  repeated  clearances 
and  the  consequent  formation  of  a  growing  crater.  If,  on  the  other 
hand,  their  quantity  is  comparatively  small  and  their  energy  feeble,  they 
may  give  rise  to  no  explosion,  and  the  lava  may  emerge  with  compara¬ 
tive  tranquillity  from  openings  on  the  side  or  even  on  the  summit  of 
the  cone. 

The  following  are  the  leading  types  of  volcanic  craters  and  cones  : — 

1.  Explosion- craters,  Crater-lakes. — It  has  occasionally  happened  that  a  volcanic 
eruption  has  consisted  only  of  one  transient  explosion,  whereby  an  opening  has  been  drilled 
to  the  external  atmosphere,  hut  without  the  outburst  of  either  volcanic  ashes  or  lava. 
In  such  a  case  the  material  broken  up  from  the  orifice  has  fallen  immediately  around  it, 
gathering  into  a  low  rim,  or  has  been  so  triturated  by  the  violence  or  continuances  of  the 
explosions  as  to  he  in  great  measure  dispersed  over  the  surrounding  country.  The  form 
of  the  cavity  is  generally  circular,  and  its  size  may  range  from  a  few  yards  to  several 
miles.  In  the  end,  after  perhaps  a  subsidence  of  the  fragmentary  materials  in  the  vent, 
and  even  of  the  sides  of  the  orifice,  water  supplied  by  rain  and  filtering  from  the  neigh¬ 
bouring  ground  may  partially,  or  wholly,  fill  up  the  cavity,  so  as  to  produce  a  lake 
either  with  or  without  a  visible  outlet.  Under  favourable  circumstances,  vegetation 
creeping  over  bare  earth  and  stone  may  so  conceal  all  evidence  of  the  original  volcanic 
action  as  to  make  the  quiet  sheet  of  water  look  as  if  it  had  always  been  an  essential  part 
of  the  landscape.  Explosion-lakes  (Crater-lakes)  of  this  kind  occur  in  districts  of  extinct 
volcanoes,  as  in  the  Eifel  (maare),^  Central  Italy  (Bolseno,  Bracciano,  Albano,  Neini, 

^  ‘  Vulkanb.  Ecuador,’  p.  399.  Sttlb^l  classes  his  monogene  volcanoes  in  several  types, 
including  Buttressed  cones,  some  with  a  summit  crater  and  others  with  a  summit  pyramid  ; 
Caldera  mountains  {ante,  p.  290) ;  Dome  mountains  (Chimborazo).  His  polygene  volcanoes 
he  groups  under  one  type,  all  showing  traces  of  a  central  monogene  cone  (Cotopaxi,  Tiingu- 
ragua,  Sangay),  loc.  cit.  Von  Seebach  {Z.  1).  G.  G.  xviii.  p.  644)  distinguished  two  volcanic 
types : — 1st,  Bedded  Volcanoes  (Strato-Vullcane),  composed  of  successive  sheets  of  lava  and 
tuffs,  and  embracing  the  great  majority  of  volcanoes.  2nd,  Lome  Volcanoes,  forming  hills 
composed  of  homogeneous  protrusions  of  lava,  with  little  or  no  accompanying  fragmentary 
discharges,  without  craters  or  chimneys,  or  at  least  with  only  minor  examples  of  these 
volcanic  features.  He  believed  that  the  same  volcano  might  at  different  periods  in  its  history 
belong  to  one  or  other  of  these  types — the  determining  cause  being  the  nature  of  the  erupted, 
lava,  which,  in  the  case  of  the  dome  volcanoes,  is  less  fusible  and  more  viscid  than  in  that  of 
the  bedded  volcanoes.  (See  below,  under  “Lava-cones.”) 

^  For  works  on  the  crater-lakes  of  the  Eifel  district  see  the  references  at  the  foot  of  p.  271. 
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and  Auvergne.  The  crateriforna  hollow  called  the  Gour  de  Tazanat  (67  metres  deep), 
in  Velay,  has  a  diameter  of  half  a  mile  and  lies  in  the  granite ;  while  another  cavity  near 
Confolens,  on  the  left  bank  of  the  Loire,  has  also  been  blown  out  of  the  granite  and  has 
given  passage  to  no  volcanic  materials,  but  only  to  broken-up  granite.^  Other  illustra¬ 
tions  in  Central  France  are  to  be  found  in  the  Lakes  of  Pavin  (92  metres  deep),  Chauvet 
(63  metres),  Issarles  (108  metres),  and  Ferrand.^ 

A  remarkable  example  is  supplied  by  the  Lonar  Lake  in  the  Indian  peninsula,  half¬ 
way  between  Bombay  and  FTagpur.^  It  lies  in  the  midst  of  the  volcanic  idateau  of  the 
Deccan  traps,  which  extend  around  it  for  hundreds  of  miles  in  nearly  flat  beds  that 
slightly  dip  away  from  the  lake.  An  almost  circular  depression,  rather  more  than  a 
mile  in  diameter,  and  from  300  to  400  feet  deep,  contains  at  the  bottom  a  shallow  lake  of 
bitter  saline  water,  depositing  crystals  of  trona  (native  carbonate  of  soda,  the  nitrum  of 
the  ancients).  Except  to  the  north  and  north-east,  it  is  encircled  with  a  raised  rim  of 
irregularly  piled  blocks  of  basalt,  identical  with  that  of  the  beds  through  which  the 
cavity  has  been  opened.  The  rim  never  exceeds  100  feet,  and  is  often  not  more  than  40 
or  50  feet  in  height,  and  cannot  contain  a  thousandth  part  of  the  material  which  once 
filled  the  crater.  No  other  evidence  of  volcanic  discharge  from  this  vent  is  to  he  seen. 
Some  of  the  contents  of  the  cavity  may  have  been  ejected  in  fine  particles,  which  have 
subsequently  been  removed  by  denudation  ;  but  it  seems  more  probable  that  the  exist¬ 
ence  of  the  cavity  is  mainly  due  to  subsidence  after  the  original  explosion.'^ 

Another  striking  illustration  of  the  same  structure  is  to  be  found  in  the  Coon  Butte 
on  the  arid  limestone  plains  of  north-eastern  Arizona.  The  diameter  of  the  bowl  from 
rim  to  rim  is  about  three-quarters  of  a  mile  ;  its  depth  below  the  crest  of  the  rim  is  from 
550  to  600  feet.  The  rim  itself  rises  from  150  to  200  feet  above  the  level  of  the  plain 
around,  and  consists  of  limestone  strata  turned  np  so  as  to  dip  away  steeply  from  the 
hollow  on  all  sides,  and  covered  by  a  mantle  of  loose  blocks  of  limestone  and  sand¬ 
stone,  some  of  which  are  100  feet  in  diameter.  Some  of  the  scattered  fragments  are 
found  as  far  as  three  miles  and  a  half  from  the  place.  So  many  fragments  of 
meteoric  iron  have  been  found  on  the  plain  around  that  the  idea  was  suggested  that 
the  depression  had  been  caused  by  the  impact  of  a  meteorite.  A  careful  survey  of  the 
ground  by  Mr.  G.  K.  Gilbert  led  to  the  abandonment  of  this  explanation.  Within 
a  radius  of  fifty  miles  there  are  hundreds  of  volcanic  vents  which  have  been  active  in 
geological  time,  and  there  seems  no  reason  to  doubt  that  the  Coon  Butte  was  suddenly 
blown  out  by  a  great  explosion  of  pent-up  volcanic  vapour,  as  in  the  examples  already 
quoted.® 

North  America  has  only  one  known  crater-lake,  but  it  is  one  of  the  most  picturesque 
in  the  world.  Deeply  set  in  the  summit  of  the  Cascade  Range  of  southern  Oregon, 
its  rim  rises  1000  feet  above  the  general  level  of  the  range,  and  from  620  to  1989 
feet  above  the  circular  sheet  of  water,  about  six  miles  in  diameter,  which  it  encloses. 
The  lake  is  2000  feet  deep,  and  the  pit  or  basin  in  which  it  lies  has  its  bottom  4000  feet 
below  the  surrounding  crest.  The  rim  is  wholly  composed  of  lava-sheets  and  beds  of 
volcanic  conglomerate,  and  the  absence  of  the  accumulation  of  debris,  which  wmuld  have 
been  looked  for  had  the  basin  been  caused  entirely  by  explosion,  has  led  to  the  belief 
that  though  the  original  volcanic  mountain,  the  rival  of  any  of  the  remaining  volcanic 

1  G.  de  Agostini  {Boll.  Soc.  Qeograf.  Ital.  1898)  has  made  a  hydrographic  exifioration 
of  the  crater-lakes  in  the  province  of  Rome. 

Tournaire,  B.  S.  G.  F.  xxvl  (1869),  p.  1166  ;  Daubn'e,  Comptes  rend.  1890,  p.  859. 

^  A.  Delebecque,  ‘  Les  Lacs  Fran^ais,’  Paris,  1898,  p.  285.  Scro])c,  ‘  Volcanoes  of  Central 
France,’  pp.  81,  143,  144.  Lecoq,  ‘  ilEpoqnes  geologiques  de  I’Anvergne,’  tome  iv. 

See  Malcolmson,  Tmns.  Oeol.  S(xc.  2nd  ser.  vol.  v.  p.  562  ;  Medlicott  and  Blauford, 

‘  Geology  of  India,’  p.  379. 

®  This  cavity  may  possibly  mark  one  of  the  vents  from  wliich  the  basalt  floods  issued. 

®  G.  K.  Gilbert,  Presidential  Address,  Geol.  Soc.  Washington,  March  1896, 
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cones  of  the  region,  may  have  been  blown  away  by  a  gigantic  explosion,  the  deep  Crater 
Lake,  as  it  now  exists,  has  probably  been  produced  to  a  large  extent  by  subsidence."^ 

Many  volcanic  cones  have  been  eviscerated  by  one  or  more  gigantic  explosions,  the 
bottoms  of  their  craters  have  been  blown  out,  and  sometimes  as  much  as  half  of  the  cone 
has  been  demolished,  leaving  a  huge  caldron-like  hollow  partially  encircled  by  the 
remaining  crater- wall,  and  bearing  a  far  larger  proportion  to  the  size  of  the  surrounding 
cone  than  an  ordinary  crater.  Such  a  condition  is  known  as  the  Caldera  type  of 
volcano,  after  the  magnificent  example  of  it  in  the  island  of  Palma,  one  of  the  Canary 
group.  This  vast  cavity  is  from  three  to  four  geographical  miles  in  diameter,  and  is 
surrounded  on  all  sides  but  the  south-west  by  a  range  of  precipices  from  1500  to  2500 
feet  in  vertical  height,  and  rising  along  their  higher  summits  to  more  than  7000  feet 
above  the  sea.-  The  Val  del  Bove  in  Etna  is  another  well-known  instance  of  a  caldera, 
and  even  more  familiar  is  the  Atrio  del  Cavallo  that  lies  between  the  modern  cone  of 
Vesuvius  and  the  more  ancient  crater-wall  of  Sonima.  The  type  is  well  illustrated 
among  the  Andes.  In  Ecuador,  Dr.  Stiihel  enumerates  eleven  examples  of  it.  Of  these 
the  most  perfect  is  Rumiuahui,  the  crater-wall  of  which  rises  upwards  of  800  metres 
above  the  bottom  of  the  caldera  to  a  height  of  4757  metres  above  the  sea.  In  two  eases 
(Guagua-Pichiiicha  and  Fululagna)  an  eruptive  cone  has  been  formed  within  the 
caldera.*^  The  great  explosions  of  Krakatoa  and  Bandaisan  (pp.  290,  291)  have  taught 
us  how  such  vast  caldron-like  cavities  may  he  produced  within  a  few  hours  hy  sudden 
explosions.  It  is  possible  also,  as  above  stated,  that  in  some  cases  the  depth  of  the 
hollows  has  been  increased  by  a  subsidence  of  the  bottom,  like  that  which  appears  to 
have  occurred  at  Krakatoa. 

2.  Cones  of  Non- volcanic  Materials. — These  are  due  to  the  discharge  of  steam  or 
other  aeriform  product  through  the  solid  crust  without  the  emission  of  any  true  ashes  or 
lava.  The  materials  ejected  from  the  cavity  are  wholly,  or  almost  wholly,  parts  of  the 
surrounding  rocks  through  which  the  volcanic  pipe  has  been  drilled.  Some  of  the  cones 
surrounding  the  crater  lakes  {maare)  of  the  Eifel  consist  chiefly  of  fragments  of  the 
underlying  Devonian  slates  (p,  291),  while  some  of  those  in  Central  France  are  built 
up  mainly  of  granite.  Such  cones  probably  indicate  brief  explosions.  Examples  of 
similar  conditions  of  eruption  are  furnished  among  the  Carboniferous  and  later  volcanic 
vents  in  Centi'al  Scotland,  where  the  funnels  of  discharge  are  now  found  filled  wholly  or 
nearly  so  with  fragments  of  the  strata  through  which  they  have  been  drilled. 

3,  Tuff-cones,  Cinder-cones. — Successive  eruptions  of  fine  dust  and  stones,  often 
rendered  pasty  hy  mixture  with  the  water  so  copiously  condensed  during  an  eruption, 
form  a  cone  in  which  the  materials  are  solidified  by  pressure  into  tuff.  Cones  made  up 
only  of  loose  cinders,  often  arise  on  the  flanks  or  round  the  roots  of  a  great  volcano,  as 
happens  to  a  small  extent  on  Vesuvius,  and  on  a  larger  scale  upon  Etna.  They  likewise 
occur  by  themselves  apart  from  any  lava-producing  volcano,  though  they  often  afford 
indications  that  columns  of  lava  have  risen  in  their  funnels,  and  even  now  and  then  that 
this  lava  has  reached  the  surface.  The  cone  of  Monte  Nuovo,  already  referred  to,  is  a 
typical  example  of  this  structure,  and  has  peculiar  interest  and  value,  inasmuch  as  its 
eruption  was  actually  witnessed  and  described  {ante,  p.  290).^  It  is  a  memorable  example 
of  the  rapidity  with  which  a  considerable  monticule  of  fragmentary  volcanic  materials 
may  be  thrown  up  and  of  the  transient  nature  of  the  eruption. 

^  J.  S.  Diller,  A'lner.  Journ.  Sei.  iii.  (1897),  p.  165.  Special  map,  section  and  description 
published  by  the  U.  S.  Geol.  Survey ;  also  Eat.  Geogm]}h.  Mag.,  Washington,  Feb.  1897. 

^  Lyell,  *  Elements  of  Geology,’  edit.  1865,  p.  621. 

^  ‘Vnlkanb.  Ecuador,’  pp.  165,  400. 

Some  particulars  in  regard  to  this  cone  will  be  found  in  the  paper  hy  G.  de  Lorenzo 
cited  on  p.  290. 

®  On  the  transient  character  of  the  volcanic  action  in  the  case  of  tuff- cones,  see  Bishop, 
Amer.  Geol.  xxvii.  (1901),  p.  1. 


SECT,  i  §  3  I'UFF-GON'liit^j  OlNDEIi-'CONFhi  327 


Another  historical  example  of  the  formation  of  a  volcanic  hill  of  a  somewhat  different 
type  at  a  place  where  there  had  been  earlier  eruptions,  hut  possibly  before  the  hiiiaan 
period,  is  to  be  seen  on  the  peninsula  ofMethana  in  Greece.  At  that  place,  in  the  third 
century  b.c,,  a  hill  of  andesite  blocks  with  a  crater  on  the  top  was  piled  up  to  a  height 
of  416-9  metres  above  the  sea.  As  at  Saritorin,  the  lava  appears  to  have  risen  to  the 
surface  as  a  cone  or  dome,  which  broke  np  into  lar^e  angular  Hocks  and  sent  a  long 
stream  of  andesite  into  the  sea.  The  flanks  of  the  eminence  have  a  slope  of  37°,  and  are 
surrnoiinted  by  a  crater  lOO  to  150  metres  in  diameter,  and  from  60  to  80  metres  in 
depth.  ^ 

The  cones  of  the  Eifel  district  have  long  been  celebrated  for  their  wonderful  perfec- 


Eiy.  55. — View  of  the  Tnft'-cones  of  Auvergne,  taken  from  the  toj)  of  the  cone  and  crater  of  Puy  Pariou. 

tion.  Though  small  in  size,  they  exhibit  with  singular  clearness  many  of  the  leading 
features  of  volcanic  structure.  Those  of  Auvergne  (Fig.  55)  are  likewise  exceedingly 
iiistriietive.^  The  high  plateaux  of  Utah  are  dotted  with  hundreds  of  small  volcanic 
cinder-cones,  the  singular  positions  of  which,  close  to  the  edge  of  pjrofound  river-gorges 
and  on  the  upthrow  side  of  faults,  have  been  noticed  by  Captain  Dutton.  Among 
the  Carboniferous  volcanic  rocks  of  Central  Scotland  the  stumps  of  ancient  tuff-cones, 

^  A  graphic  account  of  this  eruption  i.s  given  by  Strabo  (i.  3,  18).  It  is  more  poetically 
and  inaccurately  described  by  Ovid  {Metamorplum.s,  xv.  296-306).  In  modern  times  its 
site  was  first  identified  by  Professor  Fouq[ii6(0>m/>t  re)i(L  Ixii.pp.  904, 1121)  ;  Kevue  des  devoi 
3Ioii(d(;s,  Iviii.  (1867),  p.  470.  The  site  was  visited  hy  Rei.ss  and  Stiibel,  *  Ansfliig  nach  den 
vulkanischen  Gebirgen  von  Aegina  und  Mfetbana,"  Heidelberg,  1867.  See  also  K.  von 
Seebach,  Z  D.  G.  G.  xxi.  (1869),  p.  275  ;  N'eamanii  and  Partsch,  ‘  Phys.  Geogr.  Giiechenland,’ 
Breslau,  1885,  p.  306  ;  H.  S.  Washington,  ./owr-w.  (’^eol.  ii.  (1894),  p.  789  ;  iii.  pp.  21,  1S8, 
where  a  detailed  petrograpbical  description  of  the  volcanic  rocks  is  given. 

^  For  the  Eifel  cones  see  the  works  cited  p.  271 ;  for  those  of  Auvergne,  the  references  on 
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frequently  with  a  central  core  of  basalt,  or  with  dykes  and  veins  of 
rock,  are  of  common  occurrence.^  - 

The  materials  of  a  tuff-cone  are  arranged  in  more  or  less  regulS'i 
stratified  beds.  On  the  outer  side,  they  dip  down  the  slopes  of  the  cone 
the  average  angle  of  repose,  which  may  range  between  30°  and  40°.  FrO 
the  summit  of  the  crater-lip  they  likewise  dip  inward  toward  the  crat^^^ 
bottom  at  similar  angles  of  inclination  (Fig.  56). 

4.  Mud-cones  resemble  tuff-cones  in  form,  but  are  usually  smaller  ^  i** 
size  and  less  steep.  They  are  produced  by  the  hardening  of  successi’^*' 
outpourings  of  mud  from  the  orifices  already  described  (p.  318).  In. 
region  of  the  Lower  Indus,  where  they  are  abundantly  distributed 
an  area  of  1000  square  miles,  some  of  them  attain  a  height  of  400 
with  craters  30  yards  across.^ 


Fig.  56. — Section  of  the  Crater-rini  of  the  Island  of  Vulcano. 
a,  Older  tuff ;  6  &,  younger  ashes  ;  the  crater  lies  to  the  right. 
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6.  Lava-cones. — Yolcanic  cones  composed  entirely  of  lava  are  com¬ 
paratively  rare,  but  occur  in  some  younger  Tertiary  and  modern  volcanoes- 
Fouqu4  describes  the  lava  of  1866  at  Santorin  as  having  formed  a  dorao- 
shaped  elevation,  flowing  out  quietly  and  rapidly  without  explosion »- 
After  several  days,  however,  its  emission  was  accompanied  with  copiot^s 
discharges  of  fragmentary  materials  and  the  formation  of  several,  crateri- 
form  mouths  on  the  top  of  the  dome.  Where  lava  possesses  extreme 
liquidity,  and  gives  rise  to  little  or  no  fragmentary  matter,  it  may  build  u*p 
a  flat  cone,  as  in  the  remarkable  examples  of  the  Hawaiian  Islands.^  .  Oxi 
the  summit  of  Mauna  Loa  (Fig.  57),  a  flat  lava-cone  13,760  feet  above  the 
sea,  lies  a  crater,  which  in. its  deepest  part  is  about  8000  feet  broad,  witli 
vertical  walls  of  stratifi.ed  lava  rising  on  one  side  to  a  height  of  784  feot; 
above  the  black  lava-plain  of  the  crater-bottom.  From  the  edges  of  thi« 
elevated  caldron  the  mountain  slopes  outward  at  an  angle  of  not  more 
than  6°,  until,  at  a  level  of  about  10,000  feet  lower,  its  surface  is  indented 
by  the  vast  pit-crater,  Kilauea  (Fig.  58),  about  two  miles  long,  and  nearl3r 
a  mile  broad.  So  low  are  the  surrounding  slopes  that  these  vast  cratern 
have  been  compared  to  open  quarries  on  a  hill  or  moor.  The  bottom  o£ 
Kilauea  is  a  lava-plain,  dotted  with  lakes  of  extremely  fluid  lava  in  con  - 
stant  ebullition.  The  level  of  the  lava  has  varied,  for  the  walls  surround¬ 
ing  the  fiery  flood  consist  of  beds  of  similar  lava,  and  are  marked  by  ledge« 
or  platforms  indicative  of  former  successive  heights  of  lava,  as  lake- 
terraces  show  former  levels  of  water.  In  the  accompanying  section  (Fig:* 
59)  the  walls  rising  above  the  lower  pit  (p  p')  were  found  to  be  342  feet; 


1  Trans,  Roy.  Soc.  Edin.  xxix.  p.  455.  ‘  Ancient  Volcanoes  of  Great  Britain,'  chaps. 

V.  xxri.-xxviii.  xxxi.  xli.  Compare  W.  Branco,  ‘  Schwahens  125  Vulkan-embryonen,'  Stutt¬ 
gart,  1894.  See^05j{ea,  Book  IV.  Part  VII.  ^  Lyell,  ‘Principles,’  ii.  p.  77- 

*  Wilkes’s  Report  of  TJ.  S.  Exploring  Expedition^  1838-42,  and  Dana's  ‘Characteristics 
of  Volcanoes.'  See  the  works  cited  on  p.  317. 
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high;  those  bounding  the  higher  terrace  (o  n  oi'  o")  were  659  feet  high,  all  being  composed 
of  iniiumerahle  beds  of  lava,  as  in  cliffs  of  stratified  rocks.  Much  of  the  hottoni  of  the 
lower  lava-plain  has  been  crusted 
over  by  the  solidification  of  the 
molten  rock.  But  large  areas, 
which  shift  their  position  from 
time  to  time,  remain  in  perpetual 
rapid  ebullition.  The  glowing 
flood,  as  it  hoils  np  with  a  fluidity 
more  like  that  of  water  than  what 
is  commonly  shown  hy  molten 
rock,  surges  agaiust  the  surround¬ 
ing  terrace-walls.  Large  segments 
of  the  cliffs,  undermined  by  the 
fusion  of  their  base,  fall  at  intervals 
into  the  fiery  waves  and  are  soon 
melted.  Observations  by  Captain 
Dutton  in  1882  indicated  at  that 

time  e  dimination  of  the  activity  j.3  Lava-caWron,  Kilauea,  Hawaii 

of  this  lava  -  crater.  In  Iceland,  (Dana,  I84i).i 

and  in  the  Western  Territories  of 

North  America,  low  domes  of  lava  appear  to  mark  the  vents  from  which  extensive 
basalt-floods  have  issued. 

Where  the  lava  assunnes  a  more  viscid  character,  as  in  trachyte  and  liparite,  dome- 
shaped  eminences  may  he  protruded.  As  the  pasty  mass  increases  in  size  hy  the 
uprise  of  fresh  material  from  below,  the  outer  layer  will  be  pushed  outward,  and  suc¬ 
cessive  shells  will  in  like  manner  be  enlarged  as  the  eruption  advances.  On  the 
cessation  of  discharges,  we  may  conceive  that  a  volcanic  hill  formed  in  this  way  will 
present  an  oiiion-like  arrangement  of  its  component  sheets  of  rock.  More  or  less  pierfect 


^  ,  examples  of  this  structure  have  been 

observed  in  floheraia,  Auvergne,  and 
^  the  Eifel.^  The  trachytic  domes  of 

Auvergne  form  a  conspicuous  feature 
^  among  the  cinder-cones  of  that  region. 
Huge  conical  protuberances  of  granophyre,  possibly  of  somewhat  similar,  hut  not 
superficial,  origin,  occur  among  the  Tertiary  volcanic  rocks  of  the  Inner  Hebrides ; 
and  hills  of  liparite  rise  through  the  basalts  of  Iceland. ^ 

Among  the  giant  volcanoes  of  the  Andes  examples  occur  of  lava  pyraraj^ds  and  domes 
rising  high  above  the  surrounding  country.  Among  those  of  Ecuador,  Chimborazo 
(6310  metres,  20,702  feet)  presents  a  remarkable  uniformity  of  structure,  as  if  it  were 
the  product  of  a  single  outburst  or  protrusion  of  lava.  ^Tot  only  does  it  i")0ssess  no 
crater,  but  its  mass  of  solidified  lava  vastly  exceeds  that  of  the  fragmentary  materials.'^ 
No  eruption  is  known  to  have  occurred  from  it  since  the  discovery  of  America. 


^  For  more  recent  maps  showing  the  variations  of  this  crater,  see  Dana^s  papers  in 
Awier.  Jouryi.  Set.  quoted  on  p.  282,  and  his  ‘  Characteristics.’ 


^  E.  Beyer  [Jahrb.  Geol.  Rekhs.  1879,  p.  463)  has  experimentally  imitated  the  process 
of  extrusion  by  forcing  up  plaster  of  Paris  through  a  hole  in  a  board.  See  also  E.  Howe, 
Blst  A7i%,  Rep.  U.  S.  G.  S.  part  hi.  (1901),  p.  291.  For  drawings  of  the  Pay  de  Sarcoiiy 
and  other  dome-shaped  hills  which  presumably  have  had  this  mode  of  origin,  see  Scrope’s 
‘Geology  and  extinct  Volcanoes  of  Central  France.’  Refer  also  to  the  remarks  ali-eady 
made  on  the  liquidity  of  lava  {ante,  p.  301). 

^  Ancient  Volcanoes  of  Great  Bfitobin,  chaps,  xlv.-xlvii. 

^  St  libel,  ‘Viilkaub.  Ecuador,’  p.  213. 
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Under  the  head  of  “Massive”  or  “Homogeneous”  volcanoes  some  geologists  have 
included  the  bosses  or  dome-like  projections  of  once-melted  rock  which,  in  regions  of 
extinct  volcanoes,  often  rise  conspicuously  above  the  surface  without  any  visible  trace  of 
cones  or  craters  of  fragmentary  material.  These  have  been  regarded  as  protrusions  of 
lava,  which,  like  the  trachytic  Puys  of  Auvergne,  assumed  a  dome-form  at  the  surface 
without  spreading  out  in  sheets  over  the  surrounding  country,  and  with  no  accompany¬ 
ing  fragmentary  discharges.  But  the  mere  absence  of  ashes  and  scoriae  cannot  be  regarded 
as  in  itself  an  always  reliable  proof  that  these  did  not  once  exist,  or  that  the  present 
knob  or  boss  of  lava  may  not  originally  have  solidified  'within  a  cone  of  tuff  which  has 
been  subsequently  removed  in  denudation.  The  extent  to  which  the  surface  of  the 
ground  has  been  changed  by  ordinary  atmospheric  waste,  and  the  com^mrativo  ease  with 


Fig.  GO.— Plan  of  the  Peak  of  Teiieriffe,  showing  the  large  crater  anVl  minor  cones. 


which  loose  volcanic  dust  and  cinders  might  have  been  entirely  removed,  require  to  be 
considered.  Hence,  though  the  ordinary  explanation  is  no  doubt  in  some  cases  correct, 
it  may  be  doubted  whether  a  large  proportion  of  the  examples  cited  from  the  Rhine’ 
Bohemia,  Hungary,  and  other  regions,  ought  not  rather  to  be  regarded,  like  the  “necks  ” 
so  abundant  m  the  ancient  volcanic  districts  of  Britain  (Book  lY.  Part  VIL),  as  the 
remaining  roots  of  ordinary  volcanic  cones.  If  the  tuff  of  a  cone,  up  the  funnel  of 
which  lava  rose  and  solidified,  were  swept  away,  we  should  find  a  central  lava  plug  or 
core  resembling  the  volcanic  “  heads  ”  {vulkanische  Kuppe^i)  of  Germany.  Unquestion¬ 
ably,  lava  has  in  innumerable  instances  risen  in  this  way  within  cones  of  tuff  or  cinders, 
partially  filling  them  without  flowing  out  into  the  surrounding  country.  ^ 

6.  Cones  of  Tuff  and  Lava. —This  is  by  far  the  most  abundant  type  of  volcanic 
structure,  and  includes  most  of  the  great  volcanoes  of  the  globe.  Beginning,  perhaps,  as 
mere  cones  of  fragmentary  materials  discharged  by  the  first  explosions,  these  eminences 
have  gradually  been  built  up  by  successive  outpourings  of  lava  from  different  sides,  and  by 
showers  of  dust  and  scori®.  ^  At  first,  the  lava,  if  the  sides  of  the  cone  are  strong  enough 
0  resBt  Its  pressure,  may  rise  until  it  overflows  from  the  crater.  "  Subsequently  as  the 
funnel  becomes  choked  up,  and  the  cone  is  shattered  by  repeated  explosions,  the  lava 


T.  ''''''''  Hochstettor,  JcMk  187 

p.  469.  Reyer,  Jahrh.  A.  K.  Geol  Reichsanstalt,  1887,  p.  81 ;  1879,  p.  463. 
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)ina.e.ress  from  different  fissures  and  openings  onthecone  As  the  mountain  inerenses 
in  height,  thennmberof  lara-currents  from  its  summit  ivil  usually  decrease.  Indeed, 
the  taller  a  volcanic  cone  grows,  the  less  frequently  as  a  rule  does  .t  erup^.  Ihe  lolty 
volcanoes  of  the  Andes  have  each  seldom  been  more  than  once  in  eruption  during  a 
century.  The  peak  of  Teneriffe  (Tig.  60)  was  three  times  active  during  370  years  prior 
to  1798.1  The  earlier  efforts  of  a  volcano  tend  to  increase  its  height,  as  well  as  it.s 


j’ig.  (ii.— Mai)  of  Etna,  after  Sartorius  vou  Waite r.sliauswi. 

1,  Lava  of  1S79 ;  2,  Lavas  of  1865  and  1852  ;  S,  Lava  of  1669  ;  4,  Eeceiit  Lavas  ;  .I,  Iiavas  of  the  Hicldlf 
Ages;  6,  A.iic  lent  Lavas  of  iinltn  own  date;  7,  Cones  and  Oral, ei-s  ;  8,  Non -volcanic  Roclvs. 


breadth  ;  the  later  eruptions  ebieiij^  augment  the  breadtlx,  and  are  often  apt  to  dirninisli 
the  height  by  blowing  away  the  upper  part  of  the  cone.  The  formation  of  fissures  and 
the  consequent  intrusion  of  a  network  of  lava-dyhes  tend  to  hind  the  framework  of  the 
volcano  and  strengthen  it  against  subsequent  explosions.  In  thi.s  way,  a  kind^  oi 
oscillation  is  established  in  the  form  of  the  cone,  periods  ot  crater-eriiptians  being 
succeeded  by  others  when  the  emissions  take  place  only  laterally  {mUe,  p.  288). 

One  consequence  of  lateral  eruption  is  the  formation  of  minor  pax'asitic  cones  on  the 
flanks  of  the  parent  volcano  (p.  326).  Those  on  Etna,  more  than  200  in  number,  are 
really  miniature  volcanoes,  some  of  them  reaching  a  height  of  700  ieet  (hig.  61). _ ^ 

^  For  a  recent  account  of  Teneriffe,  see  A.  Hotlipletz,  PHenmt  nrC s  MiHh ctl .  xxxv.  (1889), 
p.  237. 
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the  lateral  vents  successively  become  extinct,  the  cones  are  buried  under  sheets  of  lava 
and  showers  of  debris  thrown  out  from  younger  openings  or  from  the  parent  cone.  It 
sometimes  happens  that  the  original  funnel  is  disused,  and  that  the  eruptions  of  the 
a  ^  volcano  take  place  from  a  newer  main  vent.  Vesuvius,  for 
example  (as  shown  in  Figs.  44  and  62),  stands  on  the  site  of 
a  portion  of  the  rim  of  the  more  ancient  and  much  larger 
vent  of  Monte  Somma.^  The  present  crater  of  Etna  lies  to 
the  north-west  of  the  former  vaster  crater.  The  pretty  little 
example  of  such  shifting  of  the  eruptive  orifice  furnished  by 
Yulcanello  has  been  already  noticed  (p.  323). 

While,  therefore,  a  volcano,  and  more  particularly  one  of 
great  size,  throwing  out  both  lava  and  fragmentary  materials, 
is  liable  to  continual  modification  of  its  external  form,  as  the 
result  of  successive  eruptions,  its  contour  is  likewise  usually 
exposed  to  extensive  alteration  by  the  effects  of  ordinary 
atmospheric  erosion,  as  well  as  from  the  condensation  of  the 
volcanic  vapours.  Heavy  and  sudden  floods,  produced  by 
the  rapid  rainfall  consequent  upon  a  copious  discharge  of 
steam,  rush  down  the  slopes  with  such  volume  and  force  as 
to  cut  deep  gullies  in  the  loose  or  only  partially  consolidated 
tuffs  and  scorise.  Ordinary  rain  continues  the  erosion  until 
the  outer  slopes,  unless  occasionally  renewed  by  fresh  showers 
of  detritus,  assume  the  curiously  trenched  aspect  already 
noticed,  like  that  of  a  half- opened  umbrella,  the  ridges  being 
separated  by  furrows  that  narrow  upwards  towards  the  summit 
of  the  cone.  The  outer  declivities  of  Monte  Somma  afford  an 
excellent  illustration  of  this  form  of  surface,  the  numerous 
ravines  on  that  side  of  the  mountain  presenting  instructive 
sections  of  the  pre-historic  lavas  and  tuffs  of  the  earlier  and 
more  important  period  in  the  history  of  this  volcano.  ^  Similar 
trenches  h|ive  been  eroded  on  the  southern  or  Vesuvian  side 
of  the  original  cone,  but  these  have  in  great  measure  been 
filled  up  by  the  lavas  of  the  younger  mountain.  The  ravines, 
in  fact,  form  natural  channels  for  the  lava,  as  may  un¬ 
fortunately  be  seen  round  the  Vesuvian  observatory.  This 
building  is  placed  on  one  of  the  ridges  between  two  deep 
ravines  ;  but  the  lava-streams  of  recent  years  have  poured  into 
these  ravines  on  either  side,  and  are  rapidly  filling  them  up. 

Submarine  Voleanoes.*"^ — It  is  not  only  on  the 
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^  Another  huge  volcano  possessing  much  similarity  in  struc¬ 
ture  to  Vesuvius  is  Monte  Vulture,  which  lies  to  the  east  in  the 
middle  of  the  peninsula.  Its  structure  has  been  well  worked 
out  by  G.  de  Lorenzo,  Atti  Acatd  jScLj  Naples,  x.  (1900),  p. 
208  ;  and  a  comparison  between  it  and  Vesuvius  by  the  same 
writer  will  be  found  in  Rend.  Accad.  >Sa.,  Naples,  Nov.  1901. 

2  See  H.  J.  Johnston-Lavis,  Q.  J.  G.  ^  xl.  (1884),  p.  193. 
R.  Ti-  Gunther  on  the  denudation  of  the  volcanic  district  of 
Camaldoli,  Geograph.  Journ.  Nov.  1897. 

^  The  known  examples  have  been  collected  by  E.  Rudolph  in 
his  papers,  “Ueher  submarine  ErdbebenundEruptionen,”JBe^i^r<5i^e 
mr  Geophysik,  Leipzig,  i.  (1887),  pp.  133-365  (especially  pp.  226- 
250  and  the  map  in  Plate  vii.) ;  ii.  (1895),  pp.  537-666  ;  iii.  (1898), 
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surface  of  tte  land  that  volcanic  action  shows  itself.  It  takes  place  like¬ 
wise  on  a  vast  scale  under  the  sea.  As  the  geological  records  of  the 
earth’s  past  history  are  chiefly  marine  formations,  the  characteristics  of 
submarine  volcanic  action  have  no  small  interest  for  the  geologist.  A 
few  instances  where  the  actual  outbreak  of  a  submarine  eruption  has 
been  witnessed,  or  where  the  scene  of  the  eruption  was  visited  immediately 
after,  may  here  be  cited,  together  with  some  examples  of  the  elevation  of 
submarine  volcanic  accumulations  and  their  dissection  by  the  sea. 

In  the  early  summer  of  1783,  a  volcanic  eruption  took  place  about  thirty  miles  from 
Cape  Reykjanaes  on  the  west  coast  of  Iceland.  An  island  was  built  up,  from  which  ‘‘  fire 
and  smoke  ”  continued  to  issue,  but  in  less  than  a  year  the  waves  had  washed  the  loose 
pumice  away,  leaving  a  submerged  reef  from  five  to  thirty  fathoms  below  sea-level. 
About  a  month  after  this  eruption,  the  frightful  outbreak  near  Skaptar  Jokull,  already 
referred  to  (p.  300),  began,  the  distance  of  this  mountain  from  the  submarine  vent  being 
nearly  200  miles.^  A  century  afterwards,  viz.  in  July  1884,  another  volcanic  island  is 
said  to  have  been  thrown  up  near  the  same  spot,  having  at  first  the  form  of  a  flattened 
cone,  hut  soon  yielding  to  the  power  of  the  breakers.  In  May  1796,  about  40  miles 
out  in  Bering  Sea  to  the  west  of  Unalaska,  a  volcano  (Bogoslof)  broke  out  with  great 
violence,  thiwing  stones  as  far  as  Umnak,  a  distance  of  30  miles.  The  volcanic  pile 
continued  to  increase  in  size  until  about  1823.  At  its  maximum  it  is  said  to  have  reached 
a  height  of  2500  feet.  But  when  its  activity  waned,  it  soon  began  to  yield  to  the  attacks 
of  the  climate  and  the  sea.  So  rapid  is  the  decay  of  the  rock  that  when  a  rifle-shot  was 
fired  into  a  flock  of  sea-birds  and  caused  them  to  rise,  “small  pieces  of  stone  were 
detached,  and  in  turn  displaced  larger  pieces,  until  a  perfect  avalanche  of  stone  came 
down  the  declivity,  scoring  gi’eat  ruts  in  the  hillside  and  tearing  up  great  masses  of 
stone,  which  were  dashed  to  pieces  on  the  shore  below.”  Half  a  mile  to  the  north¬ 
west  a  new  volcano  appeared,  the  actual  outbreak  of  which  was  not  seen,  hut  which 
was  first  observed  in  full  activity  in  September  1883.  It  is  about  500  feet  high,  but 
its  activity  is  lessening,  and  it  appears  to  be  diminishing  in  size.  A  picturesque  stack 
called  the  Ship  Rock,  which  once  rose  between  the  two  volcanoes,  hut  has  been 
demolished  by  waves  and  weather,  probably  marked  an  earlier  vent.  A  lateral  shift  of 
the  funnel  produced  the  Bogoslof  volcano  of  1796,  while  another  alteration  gave  rise  to 
a  third  volcano — the  new  Bogoslof  of  1883.  So  powerful  are  the  forces  of  denudation  in 
this  region,  that  unless  the  volcanic  energy  repairs  the  losses  by  piling  up  fresh  material, 
the  islands  must  before  long  disappear.  The  lava  emitted  here  is  a  hornblende-andesite.- 

Many  submarine  eruptions  have  takeii  place  within  historic  times  in  the  Mediter¬ 
ranean.  The  most  noted  of  these  occurred  in  the  year  1831,  when  a  new  volcanic 
island  (Graham’s  Island,  Isola  Terdinandea,  He  Julia)  was  throwm  up,  with  abundant 
discharge  of  steam  and  showers  of  scorise,  between  Sicily  and  the  coast  of  Africa.- 
It  reached  an  extreme  height  of  200  feet  or  more  above  the  sea-level  (800  feet  above 
sea-bottom),  with  a  circumference  of  3  miles,  but  on  the  cessation  of  the  eruptions  was 
attacked  by  the  waves  and  soon  demolished,  leaving  only  a  shoal  to  mark  its  site.^ 
The  island  of  Pantelleria  to  the  south-west  of  Sicily  is  entirely  of  volcanic  origin,  but 
no  eruptions  were  known  to  have  occurred  there  in  historic  times,  though  hot  springs 

pp.  273-336  (a  discussion  of  the  effects  of  the  explosion  of  torpedoes  and  mines  under 
the  sea). 

^  Lyell,  ‘Principles,’  ii.  p.  49. 

2  C.  H,  Merriarn  in  ‘Alaska — by  the  Harriman  Expedition,’  London,  1902,  vol.  ii. 
p.  291. 

^  W.  H.  Smyth,  JPhil.  Tram.  1832,  Constant  Prevost,  Ann.  cUs  Sci.  Nat.  xxiv. 
J/M.  Soc.  Geol.  France,  ii.  p.  91.  Mercalli’s  ‘Vulcani,  &c.’  p.  117.  A  bibliography  of 
Graham’s  Island  is  given  in  Dr.  Johnston-Lavis’  ‘South  Italian  Volcanoes.’ 
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exist,  and  also  emanations  of  carbonic  acid  gas.  During  the  summer  of  the  year  1890 
earthquakes  began  to  be  felt,  but  they  ceased  until  14th  October  1891,  when  they  began 
again  with  greater  violence,  and  three  days  later  a  submarine  eruption  took  place  four 
miles  to  the  north-west  of  the  island.  The  sea  was  violently  agitated,  and  covered 
with  black  scoriaceous  bombs  along  a  line  one  kilometre  in  length,  on  some  parts 
of  which  the  discharges  were  specially  vigorous.  The  bombs  exploded  and  ran  liissing 
over  the  surface  of  the  water  with  the  recoil,  but  in  eight  days  the  eruption  ended 


Fig.  63.— Sketch  of  suhmarme  volcanic  eruption  (Sabrina  Island)  off  St.  Michael’s,  Juint  IHIL 

and  the  ejected  material  disappeared.^  In  the  year  1811,  another  island  was  formed  hy 
submarine  eruption  off  the  coast  of  St.  Michael’s  in  the  Azores  (Fig.  63).  Consisting, 
like  the  Mediterranean  examples,  of  loose  cinders,  it  rose  to  a  height  of  about  300  feet, 
with  a  circumference  of  about  a  mile,  but  subsequently  disappeared.- 

In  recent  years  various  submarine  eruptions  have  taken  place  in  the  racihc  Ocean. 
The  history  of  one  of  these  in  the  Friendly  or  Tonga  group  of  islands  has  been  given  by 
Admiral  Sir  William  Wharton.^  In  the  year  1867  a  shoal  was  reported  80  miles  west  of 
Nomuka  Island  in  that  group.  In  1877  smoke  was  observed  to  be  rising  from  the  sea 
at  the  spot.  In  1885  a  volcanic  island,  w'hich  was  named  Falcon  Island,  rose  from  the  sea 
during  a  submarine  eruption  on  14th  October ;  it  was  reported  by  a  passing  steamer 
to  be  two  miles  long  and  about  250  feet  high.  Next  year  its  length  was  estimated  at 
rather  less  than  a  mile  and  a  half,  and  its  height  at  165  feet,  with  a  crater  from  which 
dense  columns  of  smoke  were  rising.  In  1889  it  was  carefully  surveyed  hy  Commander 
Oldham,  K.N.,  of  H.M.S.  Egerm,  who  found  it  to  he  l^-Vtli  mile  long  and  ,«„ths  of  a 
mile  wide,  and  to  slope  upwards  from  a  plain  a  little  above  the  sea-level  on  the  north 
side  to  a  height  of  153  feet,  plunging  thence  in  a  line  of  cliff  into  the  sea.  Apparently 
composed  of  nothing  but  fragmentary  materials,  it  was  rapidly  attacked  by  the  waves, 
and  while  the  survey  was  in  progress  continual  landslips  were  taking  place  from  the 

1  Ricc6,  Compt  rend.  Nov.  1891.“A^wa7  . «er.  ii. 

part  3,  vol.  xi.  G.  W.  Butler,  Eature,  xlv.  (1891),  pp.  154,  251,  584. 

De  la  Beche,  ‘Geological  Observer,’  p.  70. 

»  Mature,  xli.  (1890),  p.  276 ;  xlvi.  (1892),  p.  611  ;  lix.  (1899),  p.  582. 
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face  of  the  sea-washed  precipice.  A  little  steam  issuing  from  cracks  in  the  cliffs  was 
the  only  sign  of  volcanic  activity.  In  the  autumn  of  1892  it  was  found  by  a  passing 
French  war- vessel  to  be  only  25  feet  high.  The  place  was  again  examined  by  an  English 
surveying  vessel  in  1898,  and  the  island  was  found  to  have  disappeared,  leaving  only  a 
shoal  over  which  the  waves  were  breaking. 

Another  example  from  the  same  region  is  supplied  by  the  history  of  Metis  Island, 
about  75  miles  IST.N.E.  from  Falcon  Island.  This  volcanic  islet  was  first  noticed  in 
1875,  when  it  was  25  feet  high,  which  elevation  was  increased  by  subsequent  eruptions 
to  150  feet,  but  in  twenty-four  years  it  had  been  washed  away,  leaving  only  a  submerged 
bank  in  its  place.  In  these  instances  the  erupted  materials  consisted  only  of  ashes  and 
blocks,  Avith  no  inner  plug  of  lava  which  would  have  longer  resisted  the  power  of 
the  waves. ^ 

Among  the  numerous  volcanic  groups  of  islands  in  the  Pacific  Ocean  no  rocks  of 
continental  types  have  been  found,  though  upraised  coral-reefs  are  not  infrequent  round 
their  coasts,  and  marine  limestones,  probably  of  Tertiary  age,  appear  in  some  of  them. 
A  large  number  of  these  volcanic  cones  have  been  quiescent  ever  since  their  discovery. 
Many  of  them,  however,  have  from  time  to  time  been  in  eruption,  and  some  are  con¬ 
stantly  active.  A  remarkable  chain  of  volcanic  vents  may  be  traced  from  the  Santa 
Cruz  Islands  to’ the  southern  end  of  the  New  Hebrides  group,  a  distance  of  600  miles. 
Each  of  the  islands  appears  to  mark  the  position  of  a  distinct  volcanic  orifice,  round 
which  solid  materials  have  accumulated  until  they  have  risen  to  sometimes  as  much  as 
4755  feet  above  the  sea  (Lopevi).  A  few  of  them  are  active,  and  have  been  the  scene 
of  vigorous  eruptions  within  the  last  century.  One  of  these  paroxysms  lias  been  above 
referred  to  (p.  308)  as  having  taken  place  on  Amhryni,  Hew  Hebrides,  in  October  and 
November  1894.  This  island  rises  to  a  height  of  4380  feet,  but  has  originally  been 
probably  at  least  twice  as  high.  Its  central  feature  is  a  vast  crater  five  to  six  miles  in 
diameter,  the  bottom  of  which  is  a  great  plain  of  ashes  about  2100  feet  above  sea-levcl, 
encircled  by  a  continuous  wall  of  rock  from  100  to  200  feet  high.  This  huge  caldera 
has  evidently  been  caused  by  some  ancient  explosion,  whereby  the  upjier  half  of  the 
cone  was  blown  away.  Subsequently  two  minor  vents  have  been  opened  within  and  on 
the  rim  of  the  original  crater,  and  have  each  built  up  a  lofty  cone  Avith  a  huge  crater  a 
mile  in  diameter.  Signs  of  volcanic  activity  in  this  island  have  been  recorded  ever  since 
the  days  of  Captain  Cook  (1774).  The  last  eruption,  as  we  have  seen,  was  fortunately 
witnessed  by  one  of  the  surveying  ve.ssels  of  the  British  Navy  stationed  there  at  the 
time.  With  the  accompaniment  of  continual  earthquake  shocks  a  vast  amount  of  line 
black  dust  was  discharged  into  the  air  to  a  height  of  26,000  feet ;  and  though  the  lava 
rose  up  to  the  floor  of  the  most  westerly  of  the  two  great  vents,  it  did  not  escape  there, 
hut  found  an  exit  from  the  side  of  the  mountain  many  hundred  feet  lower  in  level  and 
several  miles  away.  The  lava  (augite-andesite)  rushed  down  the  wooded  valley,  setting 
fire  to  the  brushwood,  until  it  eventually  reached  the  sea,  into  which  it  advanced  for 
170  yards,  with  a  breadth  of  30  yards.  Immediately  after  the  molten  stream  had  entered 
the  water  a  column  of  steam  shot  up  from  it  to  a  height  of  4600  feet.  There  was  no 
explosion,  but  ‘‘enormous  bubbles  of  water  commenced  to  rise  to  some  50  or  100  feet, 
like  the  explosions  of  heavy  submarine  mines,  and  then  burst  violently  outAvards  in 
radiating  tongues  and  black  masses  of  presumably  lava.”  Large  quantities  of  dead  lisli 
and  an  occasional  turtle  floated  about  off  the  point. - 

^  Sir  W.  Wharton,  Nature,  lix.  (1899),  p.  582.  Mr.  J.  J.  Lister  has  given  an  interesting 
account  of  the  geology  of  the  whole  Tonga  group,  accompanied  with  a  map  on  Avliich  the 
distribution  of  the  volcanoes  and  islands  of  tuff  is  shown.  He  gives  further  particulars 
regarding  Falcon  Island,  with  the  results  of  an  examination  of  specimens  of  the  lava-bombs 
by  Mr.  Barker,  who  found  them  to  be  basic  augite-andesites.  Q,  J.  Q.  xlvii.  (1891),  ])p. 
590-616. 

Comiuander  H.  E.  Purey  Oust,  ‘Report  on  the  Eruption  of  Ambrym  Island,  New 
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By  repeated  eruptions  the  volcanic  material  may  be  heaped  up  to  a  height  of  many 

thousand  feet.  In  Hawaii  it  has  risen 
some  14,000  feet  above  the  sea.  From 
this  extreme  elevation  successively  lower 
levels  have  been  reached  until  in  many 
cases  the  volcanic  cones  have  not  risen 
out  of  the  water.  There  is  reason  to 
believe  that  the  hundreds  of  atolls  or 
coral-islands  so  widely  distributed  over 
this  ocean  have  been  formed  on  the  sum¬ 
mits  of  submarine  volcanic  peaks  (Book 
III.  Part  II.  Sect.  hi.  §  3).  Here  and 
there,  as  will  be  further  referred  to  in  later 
pages,  the  submarine  lavas  and  tuffs  have 
been  upraised,  so  that  the  foundations  on 
which  the  coral  reefs  have  been  built  can 
be  studied.^ 

Unfortunately,  the  phenomena  of  recent 
volcanic  eruptions  under  the  sea  are  for  the 
most  part  inaccessible.  Here  and  there,  as 
in  the  Bay  of  Naples,  at  Etna,  among  the 
islands  of  the  Greek  Archipelago,  at  Tahiti 
and  Christmas  Island,  in  the  Indian  Ocean, 


Fig.  64.— Map  of  partially  submerged  Volcano  of 
Santorin. 


«,  Tliera,  or  Santorin  ;•  h,  Therasia ;  c,  Mikro  Kaiineni ; 
cl,  Neo  Kaimeni-  The  figures  denote  soundings  in  elevation  of  the  sea-bed  has  taken  place, 
fathoms,  the  dotted  line  marks  the  100  fathoms  line,  brought  to  the  surface  beds  of  tuff  or  of 

lava  which  have  consolidated  under  water.  Both  Vesuvius  and  Etna  began  their  career 
as  submarine  volcanoes.^  It  will  be  seen  from  the  accompanying  chart  (Fig.  64),  that 


Hebrides,  S.W.  Pacific,  October  and  November  1894,’  published  by  the  Admiralty.  While 
these  pages  are  passing  through  the  press,  telegraphic  information  has  arrived  of  another 
disastrous  eruption  in  Tori  Shima,  one  of  the  chain  of  volcanic  islands  which  extend.s  between 
the  south  end  of  Japan  and  the  Bonin  Isles.  An  eruption  between  the  13th  and  15th  August 
1902  is  said  to  have  overwhelmed  the  island  and  all  its  inhabitants,  together  with  their 
houses.  A  submarine  vent  had  likewise  opened  near  the  island,  and  passing  vessels  found 
the  place  dangerous  of  approach. 

^  Fora  general  account  of  the  volcanic  islands  of  the  ocean,  see  Darwin’s  ‘Volcanic 
Islands,’  2nd.  edit.  1876.  For  the  Philippine  volcanoes,  see  R.  von  Drasclie,  TichenmJcU 
Mi'iieraZogische  MittheiL  1876  ;  Semper’s  ‘Die  Philippinen  und  ihre  Bewolmer,’  Wiirzhurg, 
1869  ;  G.  F.  Becker,  mh  Ann.  Rep.  U.  S.  G.  S.  (1898-99),  pp.  1-7  ;  Amt.  Rep,  (1899- 
1900),  pp.  487-547.  For  the  Kurile  Islands,  J.  Milne,  Geol.  Mag.  1879,  1880,  1881. 
Volcanoes  of  Bay  of  Bengal  (Barren  Island,  &c.),  V.  Ball,  Geol.  Mag.  1879,  p.  16  ;  1888, 
p.  404 ;  1893,  p.  289  ;  F.  R.  Mallet,  Mem.  Geol.  Surv.  India,  xxi.  part  iv.  ;  J.  D.  Dana, 
Anier.  Jonr.  Sci.  May  1886,  p.  394.  St.  Paul  (Indian  Ocean),  C.  Velain,  Assoc.  Fran, 
1875,  p.  581;  ‘Mission  a  I’lle  St.  Paul,’  1879  ;  ‘Description  g^ologiqne  de  la  Presqu’ile 
cVAden,  &c.’  4to,  Paris,  1878  ;  and  ‘Les  Volcans,’  1884.  For  Isle  of  Bourbon,  see  authoritiis 
cited  on  p.  323  ;  and  for  Hawaii,  the  references  on  p.  282.  New  Hebrides,  Captain  Frederick, 
Q.  J.  G.  S.  xlix.  (1893),  p.  227.  Fiji  Islands,  E.  C.  Andrews,  Bull.  Afus.  Crmip.  Zool. 
xxxviii.  (1900).  West  Indian  Islands,  the  copious  Reports  of  the  various  Commissions  sent 
to  investigate  the  disastrous  eruptions  of  May  1902  in  St.  Vincent  and  Martinique,  as  th$t 
of  the  Royal  Society,  the  National  Geographic  Society  of  Washington,  and  the  Academy  of 
Sciences  of  Paris.  See  also  Grosser,  Verhandl.  JSfatur.  Ver.  Fre^m.  RheinL  1899;  J. 
Stanley  Gardiner,  Q.  J.  G.  S.  liv.  (1895),  p.  1  ;  and  papers  cited  in  Book  III.  Part  II.  Sect, 
iii.  §  3,  in  the  discussion  of  coral-reefs. 

2  See,  as  regards  Etna,  ‘  Der  Aetna,’  ii.  p.  327. 
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tlie  islands  of  Saiitorin  and  Tlierasia  form  tlie 
unsubmerged  portions  of  a  great  crater-rim 
rising  round  a  crater  whicli  descends  1*278 
feet  below  sea-level.  The  materials  of  these 
islands  consist  of  a  nucleus  of  marbles  and 
schists,  nearly  buried  under  a  pile  of  tuffs 
(trass’),  scoriie  and  sheets  of  lava,  the  bedded 
character  of  which  is  well  shown  in  the  ac- 
coni[)anying  sketch  by  Admiral  Spratt  (Fig. 
!J5),  who,  with  Edward  Forbes,  examined  the 
geology  of  this  interesting  district  in  1841. 
They  found  some  of  the  tuffs  to  contain 
marine  shells^  , and  thus  to  bear  witness  to 
an  elevation  of  the  sea  -  floor  since  volcanic 
action  began.  More  recently  the  islands  have 
been  carefully  studied  by  various  observers. 
K.  von  Fritsch  has  found  recent  marine  shells 
ill  many  2)laees  up  to  heights  of  nearly  600 
feet  above  the  sea.  Tlie  strata  containing 
these  remains  he  estimates  to  be  at  least  100 
to  120  metres  thick,  and  he  remarks  that  in 
every  case  he  found  them  to  consist  essen¬ 
tially  of  volcanic  debris  and  to  rest  upon 
volcanic  rocks.  It  is  evident,  therefore,  that 
these  shell -bearing  tuffs  were  originally  de¬ 
posited  on  tlie  sea- floor  after  volcanic  action 
had  begun  here,  and  that  during  later  times 
they  were  upraised,  together  with  the  sub¬ 
marine  lavas  associated  with  them.^  Fouque 
concludes  that  the  volcano  formed  at  one  time 
a  large  island  with  wooded  slopes  and  a 
somewhat  civilised  human  population,  culti¬ 
vating  a  fertile  valley  in  the  south-western 
district,  and  that  in  prehistoric  times  the 
tremendous  explosion  occurred  whereby  the 
centre  of  the  island  was  blown  out. 

The  similarity  of  the  structure  of  Saiitorin 
to  that  of  Somma  and  Etna  is  obvious. 
Volcanic  action  still  continues  there,  though 
on  a  diminished  scale.  In  1866  -  67  an 

^  See  Pritscli,  Z.  J).  <r.  G.  xxiii.  (1871),  pp- 
125-213.  The  most  complete  and  elaborate 
work  is  Foucpies  monograph  (already  cited), 
‘Sahtoriii  et  ses  lilriiptions,’  Paris,  4to,  1880, 
where  copious  analyses  of  rocks,  minerals, 
and  gaseous  emanations,  with  maps  and 
numerous  admirable  views  and  sections,  are 
given.  In  this  volume  a  bibliography  of 
the  locality  will  be  found.  Compare  C. 
Doelter  on  the  Ponza  Islands,  JJenksch. 
AhLil.  Wisf^eiiscli.,  Vienna,  xxxvi.  p.  141. 

SlY::.  AJmiL  Wismif^rh.,  Vienna,  Ixxi.  (1875), 
p.  49. 
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eruption  took  place  on  Neo  Kaimeni,  one  of  the  later-formed  islets  in  the  centre  of  the 
old  crater,  and  greatly  added  to  its  area  and  height.  The  recent  eruptions  of  Santorin, 
'?vhich  have  been  studied  in  great  detail,  are  specially  interesting  from  the  additional 
information  they  have  supplied  as  to  the  nature  of  volcanic  vapours  and  gases.  Among 
these,  as  already  stated  (p.  *268),  free  hydrogen  plays  an  important  part,  constituting, 
at  the  focus  of  discharge,  30  per  cent  of  the  whole.  By  their  eruption  under  water, 
the  mingling  of  these  gases  with  atmospheric  air  and  the  combustion  of  the  inflammable 
compounds  is  there  prevented,  so  that  the  gaseous  discharges  can  he  collected  and 
analysed.  Probably  were  operations  of  this  kind  more  ])racticable  at  terrestrial 
volcanoes,  free  hydrogen  and  its  compounds  would  he  more  abundantly  detected  than 
has  hitherto  been  possible. 

In  the  group  of  islands  at  the  western  side  of  the  Bay  of  Kaples  a  beautiful  example 
of  a  volcanic  islet  is  to  be  seen  in  the  Isola  di  Vivara.  It  consists  of  a  cone  of  breccias 
and  tuffs.  Only  the  western  half  of  this  cone  remains  prominently  above  water,  the 
rest  having  been  in  great  part  washed  away,  though  the  circular  rirn  of  the  crater  can 
be  traced  in  a  line  of  low  reefs,  inside  of  which  lies  a  sheltered  bavSiii  filled  by  the  sea. 
Excellent  sections  have  been  cut  by  the  waves  along  the  exposed  side  of  the  segment  of 
the  cone,  showing  the  succession  of  fragmentary  discharges  composed  of  a  commingling 
of  trachytic  and  basaltic  materials.^ 

The  numerous  volcanoes  which  dot  the  Pacific  Ocean  began  their  career  as  submarine 
vents,  their  eventual  appearance  as  subaerial  cones  being  mainly  due  to  the  accumula¬ 
tion  of  erupted  material,  but  also  partially,  in  at  least  their  later  stages,  to  actual 
upheaval  of  the  sea-bottom.  These  features  are  impressively  displayed  among  the  Fiji 
Islands,  where  a  succession  of  Tertiary  limestones  has  been  uplifted.  These  calcareous 

deposits  are  not  coral-reefs,  hut  have  been  ff)rmed 
f:\  by  foraminifera,  nullipores,  polyzoa,  shells,  and 

echinoderms.  They  are  overlain  with  fossiliferous 
tuffs,  volcanic  conglomerates,  and  a  peculiar 
volcanic  mudstone  known  locally  as  “soapstone,” 
which  shows  gradations  from  an  ordinary  submarine 
tuff  to  an  ashy  foramiiiiferal  rock.  Next  in  order 
come  limestones,  which  consist  partly  of  reef-coral, 
which  is  especially  seen  as  a  capping  about  100 
feet  thick.  Much  of  this  liine.stone  has  been 
elevated  from  800  to  1050  feet  above  the  sea. 
Above  it  lie  agglomerates  of  andesite  and  coral - 
roek,_^some  of  the  limestone  blocks  being  4  or  5 
feet  in  diameter.  Massive  flows  of  andesite-lava 
have  been  poured  out  upon  these  agglomerates, 
rising  into  dome-shaped  eminences  sometimes  700 
feet  high  and  attaining  a  thickness  of  about  300  ’ 
feet.  The  youngest  volcanic  ejections  appear  to  be  some  small  protrusions  of  basalt.  A 
late  movement  of  elevation  has  carried  a  former  sea-beach  up  to  above  50  feet  above 
sea-level.^ 

The  lonely  island  of  St.  Paul  (Figs.  66  and  68),  lying  in  the  Indian  Ocean  more 
than  2000  miles  from  the  nearest  land,  is  a  notable  example  of  the  summit  of  a  volcanic 
mountain  rising  to  the  sea-level  in  mid-ocean.  Its  circular  crater,  broken  down  on  the 
north-east  side,  is  filled  with  water,  having  a  depth  of  30  fathoms.  Christmas  Island, 
in  the  same  ocean,  already  referred  to,  is  another  remarkable  example  of  a  volcanic 

^  This  island,  its  petrography  and  structure,  have  been  well  described  by  G.  de  Lorenzo 
and  C.  Eiva  in  their  memoir,  “II  Cratere  di  Vivara,”  cited  ante,  p.  290. 

^  E.  C.  Andrews,  Bull  Mus.  Oomxh  Zool  xxxviii.  (1900),  with  preface  Ijy  Profe.ssor 
Edgeworth  David,  p.  5. 


Fig.  GG.— Volcanic  crater  of  St.  Pan!  Island, 
Indian  Ocean. 
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luouatain  rising  from  a  deptli  of  more  than  14,000  feet  toalieiglit  of  llOOfeet  above 
sea-level  Its  latest  lavas  and  tuffs  are  intercalated  among  the  upraised  Tertiary  and 
younger  limestones  that  vere  laid  down  on  the  summit  of  the  }»eak,  and  have  since 
been  uplifted  into  land.  The  oldest  lavas  axe  txacliytic  and  the  latest  basaltic  in 
character.  Some  of  the  sheets  of  basalt  have  broken  up  under  water,  and  their  crevices 
are  filled  with  volcanic  detritus  mingled  Avith  foramiiiifera  and  other  marine  organisms. 
The  tuffs  are  palagonitic,  in  beds  50  feet  thick,  Avith  foraniinifera  scattered  through 
them.  Among  the  detrital  masses  are  sheets  of  volcanic  conglomerate.  ^ 

Observations  by  R.  von  Drasche  have  shown  that  at  Bourbon  (Reunion),  during  the 
early  siibriiaiine  eruditions  of  that  volcano,  coarsely  crystalline  rocks  (gabbro)  were 
emitted  ;  that  these  were  succeeded  by  andesitic  and  tvacbytic  lavas  ;  but  that  wdien  the 
vent  rose  above  the  sea,  basalts  Avere  poured  out.-  Touque  observes  that  at  Santori?}, 
Avhile  some  of  the  early  .submarine  lavas  are  identical  with  those  of  later  siib aerial 
origin,  the  greater  part  of  them  belong  to  an  entirely  different  series,  being  acid  rocks, 
referable  to  the  group  of  hornhlcnde-anclesites,  while  the  siibaerial  rocks  are  augite- 
andesites.  The  acidity  of  these  lavas  has  been  largely  increased  by  the  infusion  into 
them  of  silica,  chiefly  in  the  form  of  opal.  They  A^ary  much  in  aspect,  being  some¬ 
times  compact,  scoriaceous,  hard,  like  millstone,  with  perlitic  and  spherulitic  structures, 
Avhile  they  frequently  present  the  characters  of  trass  impregnated  with  opal  and  zeolites. 
Among  the  fragmental  ejections  there  occur  blocks  of  schist  and  granitoid  rocks,  probably 
representing  the  materials  below  the  sea-floor  through  Avhich  the  first  explosion  took 
place  (pp.  275,  291,  292,  326).  During  the  eruption  of  1856  some  islets  of  lava  rose 
above  the  sea  in  the  middle  of  the  bay,  near  the  active  vent.  The  rock  in  these 
cases  was  compact,  vitreous,  and  mucli  cracked.*' 

Among  submarine  volcanic  formations,  the  tuffs  differ  from  tho.se  laid  doAvri  on  land 
chiefly  in  their  organic  contents  ;  but  partly  ahso  in  their  more  distinct  and  originally 
less  inclined  bedding,  and  in  their  tendency  to  the  admixture  of  non -volcanic  or  ordinary 
mechanical  sediment  Avith  the  volcanic  dii.st  and  stones.  INo  appreciable  difference 
either  in  external  aspect  or  in  internal  structure  seems  yet  to  have  been  established 
between  suhaerial  and  submarine  lavas.  Sojiie  undoubtedly  submarine  lavas  are  highly 
scoriaceous.  There  is  no  reason,  indeed,  why  slaggy  lava  and  loose,  non-huoyaiit  scorii;.- 
should  not  accumulate  under  the  pre.ssure  of  a  deep  column  of  the  ocean.  At  the 
Hawaiian  Islands,  on  25th  Tebruary  1877,  masses  of  |)uniice,  during  a  submarine  volcanic 
explosion,  were  ejected  to  the  surface,  one  of  which  .struck  the  bottom  of  a  boat  with 
some  violence  and  then  floated  p.  358).  When  ive  reflect,  indeed,  to  what  a 

considerable  extent  the  bottom,  of  the  great  oceaii-hasins  is  dotted  over  wdth  volcanic 
cones,  rising  often  solitary  from  profound  depths,  we  can  believe  that  a  large  proportion 
of  the  actual  eruptions  in  oceanic  areas  may  take  place  under  the  sea.  The  immense 
abundance  and  wide  diffusion  of  volcanic  detritus  (including  Idocks  of  pwmiee)  over  the 
bottom  of  the  Pacific  and  Atlantic  Oceans,  even  at  distances  remote  from  land,  as  naade 
known  by  the  voyage  of  the  ChnUnujer,  doubtless  indicate  the  prevalence  and  persistence 
of  submarine  volcanic  action,  even  though,  at  the  same  time,  an  extensive  diffusion  of 
volcanic  debris  from  the  islands  is  admitted  to  be  effected  hy  winds  and  ocean -currents. 

Volcanic  islands,  unless  continually  augmented  hy  reneAved  eruptions,  are  attacked 
by  the  waves  and  cut  down.  Graham’s  Island  and  tlie  other  examples  above  cited  show 
how  rapid  this  disappearance  may  he.  The  island  of  Vulcano  has  the  base  of  its  slopes 
truncated  by  aline  of  cliff  due  to  marine  erosion.  The  island  of  Tenerifte  shows,  in  the 
same  way,  that  the  sea  is  cutting  back  the  land  towards  the  great  cone  (Fig.  67;.  The 

^  0.  W.  Andrews,  CMiristnia.s  Island,  Tiuliaii  Ocean,’  [mbli.dK'd  hy  British  Museum, 
1900. 

^  TschennaF n  Miney'cclogrische  MUtheil.  1878,  pp.  42,  159.  A  similar  .structure  occurs 
at  Palma  (Cohen,  Aeues  Jdhrh.  1879,  p.  482)  and  in  St.  I'aul  (Wdain  as  above  cited). 

^  Toiique,  ‘Santorin.’ 
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island  of  St.  Paul  (Figs.  tltJ,  68)  brings  before  ns  in  an  impressive  way  the  tendency 
of  volcanic  islands  to  be  destroyed  unless  replenished  by  continual  additions  to  their 


Fig.  (!7. — ViiiW  of  tlio  J*(‘uk  of  Tiiiicritle  and  its  coust-nroHiuji. 


surface.  At  St.  Helena  lofty  hills  of  volcanic  rocks  1000  to  200(1  feet  high  hear  witnew 
to  the  enormous  denudation  whereby  masses  of  basalt  two  or  three  milen  long,  one  or 
two  miles  broad,  and  1000  to  2000  feet  thick,  liave  been  entirely  removed.’ 


fey  /.  a 


Fig.  08.— Vim  nf  St.  PanI  Islainl,  Imliau  Oeoan,  from  the  east,  (( 'aiit.  Hluekwoml  in  Adiniinlt.v  (‘h&ii). 
a,  Nine*iiin  Reek,  a  stack  of  liarOfr  rock  left  by  the  sea;  b,  etit raiicf*  to  eruter  (hoc  Fig.  Oii); 

r,  0,  c,  clitfs  composed  of  bedded  volcanic  nniterials  dipping  towards  the  .soutb,  and  nnndt  eitjtli!il 
at  the  higher  end  (r)  by  waves  ami  snhaerial  wustf  ; /,  Koiitbern  point,  of  the  i'daie!,  lik«'viKe  eiit 
away  into  a  cliff. 

From  the  foregoing  examples  some  hroad  concluHiorhs  may  Ite  drawn 
regarding  submarine  volcanic  action. 

1.  It  is  obvious  that  not  only  are  most  terrestrial  vok'anoes  sitnato<l 
near  to  the  sea,  but  that  volcanic  activity  is  di.splayed  over  a  wider 
region  of  the  ocean  floor  than  over  the  surface  of  the  land,  and  on  a  more 
gigantic  scale.  We  have  only  to  turn  to  a  chart  of  the  Pacific  Oceiuiy 
and  note  the  numerous  groups  and  chains  of  islands,  in  order  to  realise 
the  wide  extent  and  great  vigour  of  submarine  eruptions.  Ibacli  of  these 
islands  marks  the  site  of  a  volcanic  cone  gradually  Imilt  up  from  the 
sea-bottom  by  successive  outpourings  of  material.  The  Atlantic  Ocean 
offers  similar  though  less  striking  evidence  in  the  same  dinnition.  The 

1  Darwin,  ‘  Volcanic  Islands,’ p.H 04.  For  a  more  detaih'd  account  of  thn  iHlaml,  .w 
J.  C.  MellLs.s’  ‘St.  Helena,’  London,  1875. 
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scattered  islands  from  Jaii  Majeii  and  Iceland  soiitliwarcls  by  tlie  A;^oros, 
Canary,  and  Cape  Tend  Islands  to  the  far  distant  Tristan  d’Aciinlia  and 
blie  Antarctic  volcanoes,  and  again  the  chain  of  the  Antilles  on  the  western 
side,  afford  an  impressive  picture  of  volcanic  energy.  In  estimating  the 
bulk  of  the  oceanic  volcanoes,  v'e  must  reniemher  the  profound  dei)tlis 
from  which  many  of  them  rise.  An  islet  which  only  just  shows  itself 
aho^^e  sea-level  must  often  he  the  summit  of  a  cone  which  wonld  be 
reckoned  among  the  more  colossal  volcanoes  of  the  globe  if  it  stood  on 
the  land.  Ohristnias  Island,  in  the  Indian  Ocean,  the  crest  of  wdiich  is 
1100  feet  above  the  sea,  is  really  a  mountain  15,500  feet  high,  rising 
from  one  of  the  oceanic  abysses.  Still  more  gigantic  is  the  volcanic 
ridge  of  the  Sandwich  Islands,  which  has  I'jecn  built  up  from  a  depth  of 
more  than  18,000  feet  to  a  height  of  nearly  14,000  feet  above  sea4evel, 
thus  forming  a  volcanic  chain  higher  than  even  the  highest  peak  of  the 
Himalayas,  and  still  continuing  to  erupt  from  its  crest. 

2.  Submarine  eruptions,  so  far  as  the  available  e\4dence  wariants 
any  inference,  appear  to  build  up  conical  volcanoes  rather  than  to  form 
wide  plateaux.  They  tend  to  occur  along  tolerably  well-marked  lines, 
as  well  as  in  scattered  groups.  The  linear  direction  is  strikingly  shown 
by  such  chains  as  the  Aleutian  Islands,  Japan,  Java,  and  the  Antilles. 
Along  these  lines,  which  are  usually  looked  upon  as  marking  fissures  in 
the  terrestrial  crust,  volcanic  cones  have  ])een  built  up,  sometimes  set 
close  together,  sometimes  many  miles  apart.  As  a  rule  these  cones  have 
come  into  existence  in  succession,  some  dying  out  and  others  still  con¬ 
tinuing.  rkus  along  the  great  volcanic  ridge  of  the  Sandwich  Islands, 
as  Dana  has  pointed  out,  fifteen  volcanoes  of  the  first  class  haA'o  been 
active,  but  all  of  them,  save  three  in  Hawaii,  appear  to  he  now  extinct,  i 

S.  From  the  evidence  supplied  by  la\'as  which  were  originally  poured  i 
out  under  the  sea,  but  have  subsequently  heeii  upraised  above  its  level,, 
and  likewise  by  bombs  that  have  been  imojected  to  the  surface  of  the : 
water  during  submarine  eruptions,  it  may  l3e.  concluded  that  molten  j 
material  which  has  been  erupted  and  has  solidified  beneath  the  waves  1 
does  not  materially  differ  in  structure  from  that  which  comes  from  ! 
terrestrial  vents,  rhis  inference  has  an  important  bearing  on  the  study 
of  ancient  volcanic  ejections,  a  large  proportion  of  which,  intercalated  , 
among  marine  sediments,  must  have  been  submarine.  In  particular,  the 
cellular  or  amygdaloidal  structure  and  microscopic  characteristics,  such  . 
as  are  seen  in  rocks  like  trachyte  and  basalt,  are  as  well  defined  among ' 
submarine  as  among  terrestrial  volcanic  products. 

4.  Such  instances  as  have  been  observed  of  up)raised  submarine 
volcanic  ejections  show  that  lavas,  tuffs,  and  breccias  are  interstiatified 
among  limestones  formed  of  organic  remains.  It  is  evident  that  l>etweeii 
the  successive  eruptions  pauses  took  place,  during  which  the  orgaiiisnis 
of  the  sea  flourished  abundantly  and  furnished  materials  for  foraininiferal 
or  radiolarian  oo^e,  shell-banks,  or  coral-reefs.  There  can  be  little  doubt 
that  many  of  the  siih-oceanic  volcanic  cones  are  of  great  antiquity,  going 
back  perhaps  far  into  Tertiary  times.  They  are  thus  probably  built  up  of 
a  succession  of  volcaiiic  and  organic  acciiniulations.  If  it  were  possilfle  to 
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examine  this  succession,  it  would  reveal  the  stages  of  ‘the 
volcanic  history  and  the  remains  of  the  successive  faunas  th.iht 
have  come  and  gone  while  that  history  has  been  in  progress- 

ii.  Fissure  {Massiu)  Erujjliotis. 

Erom  the  position  of  Etna  and  Vesuvius  in  the  centre  of 
the  early  civilisation  of  Europe,  these  volcanoes  came  to 
taken  as  the  accepted  types  of  volcanic  structure  and  activity. 
It  is  now  known,  however,  that  they  do  not  represent 
forms  of  volcanic  action.  We  have  seen  that  the  puys  of 
Auvergne,  and  still  more  the  great  volcanoes  of  Soatli 
^  America,  bring  before  us  another  type  where  lava  has  130011 
I  protruded  in  masses  to  the  surface  without  the  formation  of 
%  the  normal  volcanic  crater.  But  the  most  gigantic  display 
%  of  subterranean  energy  are  manifested  by  yet  another  t-ypo 
I  of  eruption,  where  lava  flows  out  from  fissures  which  reacli 
®  the  surface,  spreading  sometimes  over  areas  hundreds  of  milo^ 
s  in  extent.  Such  fissure-eruptions  have  been  chiefly  exhibited 
£  in  historic  times  in  Iceland.  Large  tracts  of  that  island  hav  e 
been  rent  by  fissures,  of  which  two  systems  are  specially 
I  marked,  one  directed  from  S.W.  to  N.E.  and  the  other  from 
S.  to  N.  The  eruptions  of  Hekla  and  Laki  belong  to  tlie 
former  series.  A  violent  eruption  at  Askya  in  1875  took 
^  place  at  the  intersection  of  two  lines  of  fissures,  some  of 
I  which  could  he  traced  for  nearly  50  English  miles.  Some- 
I  times  the  fissure  remains  as  an  open  chasm  600  feet  or  more 
S  in  depth,  without  ejecting  any  volcanic  material;  in  oth-ei‘ 
cases  it  becomes  the  scene  of  intense  volcanic  activity,  wlieii 
I  lava  rises  in  it  and  flows  out  tranquilly  on  either  side,  some- 
I  times  forming  a  row  of  cones  of  slag  along  the  line  of  tHc 
M  chasm  or  a  long  rampart  of  slags  and  blocks  piled  up  on  either 
I  side.  The  great  eruption  of  1783  issued  from  the  Laki 
I  fissure,  about  20  miles  long  (Fig.  69),  and  poured  forth  in  two 
I  vast  floods,  of  which  the  western  branch  flowed  for  upwards 
^  of  40  miles  and  the  other  28  miles.  Hundreds  of  slag-cones 
I  were  formed  along  the  line  of  the  fissure,  varying  in  size  from 
c  a  couple  of  yards  up  to  seldom  more  than  50  yards  in  heigh t- 
S  Each  cone  might  send  out  two  or  more  streams  of  molten 
j:  lava,  now  to  one  side,  now  to  another,  which  merged  into  ea.ch 
^  other  so  as  to  flow  round  the  cones  and  spread  out  into  wide 
^  floods  of  black  rock.  So  insignificant  are  these  hillocks  that 
in  a  rugged  volcanic  landscape  they  might  not  attract  atten¬ 
tion,  yet  they  mark  the  source  whence  milliards  of  cubic  yards 
of  lava  issued. 

On  level  ground  the  Icelandic  lava,  which  is  remarkably 
liquid,  spreads  out  as  a  wide  floor  of  bare  rock.  Such  is  the 
great  lava-desert  of  Od^dahraun,  which  has  an  area  of  abont 
1700  English  square  miles.  Where  the  ground  is  inclined. 
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the  laYa  maj  flow  to  a  great  distance,  Ailing  up  valleys  and  spreading 
over  the  lower  country.  One  of  the  prehistoric  lavas  fronn  Trolladyngjii 
in  Odadahraun  flowed  for  more  than  60  miles,  A  succession  of  eruptions 
piles  up  a  series  of  lava-sheets  more  or  less  nearly  horizontal,  whicli  are 
eventually  cut  into  ravines  hy  the  descending  rivers. 

In  some  parts  of  Iceland  the  lava  has  been  huilt  up  into  vast  flat 
domes  like  those  of  Hawaii  (ante,  p.  328),  having  a  gentle  inclination  in 
every  direction.  The  highest  of  these  are  1209  and  1491  metres  high  by 
from  6  to  15  kilometres  in  diameter.  An  elliptical  crater  on  the  loftiest 
donae  measures  1100  by  380  metres.  The  Vesuvian  type  of  cone  huilt 
up  of  alternating  lavas  and  tuffs  is  also  to  he  found  in  Iceland  under  the 
snow-A elds  and  ice-sheets;  such  are  Oraefajdkull  (6241  feet),  Eyjafjallajo- 
kull  (5432),  and  Snaefellsjdkull  (4577).  The  mountain  Hekla  (4961), 
which  is  popularly  believed  to  he  the  chief  Icelandic  volcano,  is  made  up 
of  successive  sheets  of  lava  and  tuff,  which,  however,  have  not  been 
formed  into  a  cone  but  into  an  oblong  ridge,  fissured  in  the  direction  of 
its  length  and  hearing  a  row  of  craters  along  the  Assure. 

While  the  outflow  of  lava  may  not  be  attended  with  violent  eruptive 
energy,  explosion-craters  show  that  in  Iceland,  too,  the  pent-up  internal 
gases  and  vapours  sometimes  manifest  great  vigour.  One  of  these  craters 
was  farmed  at  Askja,  on  29th  March  1795,  by  a  tremendous  explosion 
which  scattered  pumiceous  stones  over  an  area  of  more  than  468  English 
square  miles  and  discharged  a  vast  amount  of  Ane  dust,  some  of  which 
was  carried  as  far  as  Horway  and  Sweden.  Yet  the  opening  then  made 
has  a  diameter  of  only  about  280  feet.  Round  the  Icelandic  explosion- 
craters  the  rim  of  fragmentary  material  is  very  little  higher  than  the 
adjacent  ground.  Great  though  the  amount  of  ej  ected  stones  and  dust 
must  be,  it  seems  to  he  scattered  with  such  force  that  only  a  small  ])art 
of  it  falls  hack  around  the  orifice.^ 

In  former  geological  ages,  extensive  eruptions  of  lava,  without  the 
accompaniment  of  scoriae,  with  hardly  any  fragmentary  materials,  and 
with,  at  the  most,  only  flat  dome-shaped  cones  at  the  points  of  emission, 
have  taken  place  over  wide  areas  from  scattered  vents,  along  lines  or 
systems  of  Assures.  Yast  sheets  of  lava  have  in  this  manner  been  poured 
out  to  a  depth  of  many  hundred  feet,  completely  burying  the  previous 
surface  of  the  land  and  forming  wide  plains  or  plateaux.  These  truly 
‘^massive  eruptions”  have  .been  held  by  Richthofen^  and  others  to 
represent  the  grand  fundamental  character  of  volcanism,  ordinary  volcanic 
cones  being  regarded  merely  as  parasitic  excrescences  on  the  subterranean 
lava-reservoirs,  very  much  in  the  relation  of  minor  cinder-cones  to  their 
parent  volcano,^  or  of  the  lava-spiracles  on  the  surface  of  a  lava-stream 
(Figs.  48,  49). 

^  See  the  papers  of  Dr.  Thor  odd  sen  and  Mr.  Helland  quoted  on  p.  277,  and  the  suiuinary 
of  their  ohservations  in  ‘Ancient  Yoleanoes  of  Great  Eritain,’  vol.  ii.  chap.  xl.  ;  uhso  W.  L. 
Watts’  “Across  the  Vatiia  Joknl],”P/w.  Ru^j,  Gcog.  See.  1876  ;  W.  G.  Lock,  <iPoL  Mag, 
1881,  p.  212  ;  J.  H,  jQlmston-Lavi.s,  Scottish  Geograph.  Mag.  Sept.  1895. 

“  Tmns.  Acad.  Oalifornia,  1868. 

^  Pfoc.  Roy.  Edln.  v.  236  ;  SS'attire, p.  3. 


344 


dynamical  geolocy 


iirxjK  nt  PART  I 


Though  a  description  of  these  old  fissure  or  rnassive  eruptions  ought 
properly  to  ]3e  included  in  Book  lY.,  the  sul)ject  is  so  closely  connected 
with  the  dynamics  of  existing  active  volcanoes  that  an  acc(uuit  of  the 
subject  may  be  given  here.  The  most  stupendous  exaniple  of  this  type 
of  volcanic  structure  occurs  in  AYestern  fs"orth  America.  Tiie  extent 
of  country  which  has  been  flooded  with  ])asftlt  in  Oregon,  Wbisliiiigton, 
California,  Idaho,  and  Montana  has  not  yet  been  accurately  sur\  eye(  I,  but 
has  been  estimated  to  cover  a  larger  area  than  France  and  Oreat  Britain 
combined.^  The  Snake  Biver  plain  in  Idaho  (Fig.  70)  forms  part  of 


Fig.  70. —View  of  the  great  Basalt-plain  of  th(‘  Snake  niv(‘r,  IiUiho,  willi  icccuL 


this  lava-flood.  Surrounded  on  the  north  and  east  1;)y  lofty  Tiiountaiiis,  it 
stretches  westward  as  an  apparently  boundless  desert  of  sand  and  bare 
sheets  of  black  basalt.  A  few  streams  descending  into  the  plain  fi’om  the 
hills  are  soon  swallowed  up  and  lost.  The  Snake  Fiver,  however,  Hows 
across  it,  and  has  cut  out  of  its  lava-beds  a  series  of  jiicturescpie  gorges 
and  rapids.  ^  Looked  at  from  any  point  on  its  sinfiace,  it  appears  as  a  vast 
level  plain  like  that  of  a  lake-bottom,  though  ixiorc  detailed  exaiuiuation 
may  detect  a  slope  in  one  or  more  directions,  and  may  thereby  obtain 
evidence  as  to  the  sites  of  the  chief  openings  from  which  the  basalt  was 
poured  forth.  The  uniformity  of  surface  has  been  produced  either  })y  the 
lava  flowing  over  a  plain  or  lake  bottom,  or  by  the  complete  efiaciiment  of 
an  original  and  undulating  contour  of  the  ground  under  hundreds  of  feet 
of  volcanic  rock  in  successive  sheets.  The  lava  rolling  uj)  to  the  base  of 
the  mountains  has  followed  the  sinuosities  of  their  margin,  as  the  waters 
of  a  lake  follow  ite  promontories  and  bays.  The  an t hoi-  crossed  the 
Snake  Eiver  plain  in  18/9,  and  likewise  rode  for  many  miles  along  its 
northern  edge.  He  found  it  to  be  evcryvdiere  marked  with  low 
hummocks  or  ridges  of  bare  black  basalt,  the  surfaces  of  wdiieh  exhibited 
^  J.  LeConte,  Amr.  Jinmi.  Sci  3rd  .ser.  vii.  (1874),  ].p.  107^  Rr,9. 
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ii  reticulated  pavement  of  the  ends  of  caliiiiiiis.  In  some  places,  there 
v’'as  a  perceptible  tendency  in  these  ridges  to  range  themselves  in  one 
general  north-easterly  direction,  when  they  might  be  likened  to  a  series 
of  long,  low  waves,  or  ground-swells.  In  many  instances  the  crest  of 
each  ridge  had  cracked  open  into  a  fissure  which  presented  along  its 
walls  a  series  of  tolerably  symmetrical  columns  (Fig.  7 0).  That  these 
ridges  were  original  undulations  of  the  lava,  and  had  not  been  produced 
hy  erosion,  was  indicated  by  the  fact  that  the  columns  were  perpendicular 
to  their  sindace,  and  changed  in  direction  according  to  the  form  of  the 
ground  which  was  the  original  cooling  surface  of  the  lava.  Though  the 
basalt  was  sometimes  t'esicular,  no  layers  of  slag  or  scoria?  were  anywhere 
observed,  nor  did  the  surfaces  of  the  ridges  exhibit  any  specially  scoriforni 
character. 

There  are  no  great  cones  whence  this  enormous  food  of  basalt  could 
have  flowed.  It  probably  escaped  from  orifices  or  Assures  still  concealed 
under  the  sheets  which  issued  from  them,  the  points  of  escape  being 
marked  only  by  such  low  domes  as  could  readily  he  buried  under  the 
succeeding  eruptions  from  other  vents.  ^  That  it  wa.s  not  the  result  of 
one  sudden  outpouring  of  rock  is  shown  by  the  distinct  bedding  of  the 
basalt,  which  is  well  marked  along  the  Th'ev  ravines.  It  arose  from  what 
may  have  iDeen,  on  the  whole,  a  continuous  though  locallj"  intermittent 
welling-out  of  lava,  probably  from  \’ents  on  many  Assures  extending  over 
a  wide  tract  of  Western  America  during  a  late  Tertiary  period,  if,  indeed, 
the  last  eruptions  of  this  vast  region  did  not  come  within  the  time  of  the 
human  occupation  of  the  continent.-  The  discharge  of  lavii  continued 
until  the  previous  topography  was  buried  under  some  2000  feet  (hut  in 
places  as  much  as  3700  feet)  of  lava,  only  the  higher  summits  still 
projecting  a])OYe  the  volcanic  food.*'  At  a  few  points  on  the  plain  and 
on  its  northern  margin,  the  author  observed  some  small  cinder-cones 
(Fig.  70).  These  Avere  evidently  formed  during  the  closing  stages  of 
volcanic  action. 

Ill  birojie,  during  oldei*  Tertiary  time,  similar  enormous  outiioiiriiigs  of  La.salt 
covered  many  liiintlreds  of  s(piare  miles.  The  ino.st  im]iortant  of  tliese  is  that  wliicli 
occupies  a  large  ]iart  of  the  nortli-east  of  Ireland,  and  in  disconnected  areas  extends 
through  tlie  Inner  Hel)i-ide.s  and  the  Faroe  Islands  into  Iceland.  Throughout  that 
region,  the  paucity  of  evidence  of  volcanic  vents  is  remarkable,  though  a  few  have  been 
laid  open  )>y  tlie  sea  in  the  coa.st-clilfs  of  the  west  of  Scotland  ainl  the  Taroes.  So 
extensive  has  been  tlie  denudation,  that  the  inner  .structure  of  the  volcanic*  plateaux 

^  Captain  Dutton  has  remarked  the  absence  of  any  eoiisiiicuous  feature  at  the  sources 
from  whic'h  some  of  the  largest  lava- streams  of  Hawaii  have  issued. 

In  Northern  California  an  example  of  the  latest  phase  of  eruption  is  seen  at  Cinder 
Cone,  ten  miles  north-east  from  Lassen  Peak.  The  lava  there  is  so  recent  that  some  of  the 
trees  Avhicli  it  pnslied  over  are  still  standing.  From  the  age  of  .some  younger  trees  that 
have  sprung  up  on  the  lava  the  date  of  its  How  must  have  been  at  least  50  years  before 
1891,  blit  may  not  have  been  iniieh  more.  No  record  or  tradition,  however,  either  among 
the  white  settlers  or  the  Indians,  has  survived  of  the  actual  eruption.  J.  8.  biller, 
B.  U.  S.  a,  S.  IN'o.  79  (1901). 

Profes.sor  J.  LeOoiite  believed  that  the  chief  iissures  op>ened  in  the  Cascade  and  Line 
Mountain  Ranges.  A^ner.  Journ.  Sci.  Srd  series,  vii.  (1874),  p.  168. 
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has  been  admirably  revealed,  showing  that  the  ground  beneath  and  cironnd  tlie  basalt- 
sheets  has  been  rent  into  innumerable  lissiires  which  have  been  filled  by  the  rise  of 
basalt  into  them.  A  vast  number  of  basalt-dykes  ranges  from  the  volcanic  area  east¬ 
wards  across  Scotland,  the  north  of  England,  and  the  north  of  Ireland.  Towards 
the  west  the  molten  rock  reached  the  surface  and  was  poured  out  there  in  successive 
sheets  to  a  depth  of  more  than  3000  feet,  while  to  the  eastward  it  does  not  appear  to 
have  overflowed,  or,  at  least,  all  evidence  of  the  outflow  has  been  removed  in  denudation. 
When  we  reflect  that  this  system  of  dykes  can  be  traced  from  the  Orkney  Islands 
southwards  into  Yorkshire  and  acro.ss  Britain  from  sea  to  sea,  over  a  total  area  of 
probably  not  less  than  40,000  square  miles,  we  can  in  some  measure  a])preciat(^  the 
volume  of  molten  basalt  which  in  older  Tertiary  times  underlay  largo  tracts  of  tin*, 
site  of  the  British  Islands,  rose  up  in  so  many  thousands  of  fissures,  and  poured  fortli 
at  the  surface  over  so  wide  an  area  in  the  north-west.^  The  occurrence  of  layers  of 
sedimentary  material,  including  coal  and  leaf  beds,  with  well-preserved  terrestria-l 
vegetation  between  some  of  the  basalt-sheets,  shows  that  considerable  intervals  some¬ 
times  occurred  between  successive  outflow's  of  lava. 

In  Africa,  basaltic  plateaux  cover  large  tracts  of  Abyssinia,  where  by  the  <leiiiiding 
effect  of  heavy  rains  they  have  been  carved  into  picturesque  hills,  valleys  and  ravines.- 
In  India,  an  area  of  at  least  200,000  square  miles  is  covered  by  the  singularly  horizontal 
volcanic  plateaux  of  the  “Deccan  Traps”  (lavas  and  tuffs),  which  belong  to  tlie 
Cretaceous  period  and  attain  a  thickness  of  6000  feet  or  more.-*  The  underlying  platform 
of  older  rock,  where  it  emerges  from  beneath  the  edges  of  the  basalt  tableland,  is  fouml 
to  be  in  many  places  traversed  by  dykes  ;  but  no  cones  and  craters  are  anywhere  visible*.. 
In  these,  and  probably  in  many  otlier  examples  still  undescribed,  tlie  formation  of  great 
plains  or  plateaux  of  level  sheets  of  lava  is  to  be  explained  liy  “  fissure- eruptions  ”  raUn*r 
than  by  the  operations  of  volcanoes  of  the  familiar  ‘‘  cone  and  crater  ”  type. 

§  4.  Geographical  and  geological  distribution  of 
volcanoes. 

For  an  adequate  conception  of  the  distribution  of  volcanic  action  over 
the  globe,  account  ought  to  be  taken  of  dormant  and  extinct  volcanoes,  like¬ 
wise  of  the  proofs  of  volcanic  outbreaks  during  earlier  geological  periods. 
When  this  is  done,  we  learn  that  innumerable  districts  have  been  the 
scene  of  prolonged  volcanic  activity,  where  there  is  now  no  underground 
commotion ;  that  volcanic  outbursts  have  been  apt  to  take  place  again 
and  again  after  wide  intervals  on  the  same  ground,  some  modern  active 
volcanoes  being  thus  the  descendants  and  representatives  of  older  ones ; 
and  that  there  are  wide  regions  which  from  remote  geological  periods 
have  been  entirely  unvisited  by  volcanic  manifestations.  Home  of  the 
facts  regarding  former  volcanic  action  have  been  already  stated.  Others 
will  he  given  in  Book  IV.  Part  VIL 

Confining  attention  to  vents  now  active,  of  which  the  total  numl)er 
hjis  been  computed  to  be  about  300  or  400,^  the  chief  facts  regarding 

^  A.  a.,  Trayis.  Roy.  ^oc.  Edin.  xxxv.  (1888),  p.  21 ;  ‘Ancient  Volcanoe.s  of  Great  Britain,’ 
chaps,  xxxiii.  to  xli.  2  Blanford’s  ‘  Al)yssmia,’  1870,  p.  181. 

^  ^ledlicott  and  Blandford,  ‘Geology  of  India,’  2nd  edit.  l)y  R.  D,  Oldham,  1893, 
chfip.  xi.  ;  G.  T.  Clark,  Q.  /.  (J.  S.  xxv,  (1869),  p.  163. 

^  This  number  is  probably  considerably  below  tbe  trutli.  Pi-ofessor  J.  Milne  lias  enumer¬ 
ated  in  Japan  alone  no  fewer  than  fifty-three  volcanoes  which  are  eitlier  active  or  liave  heeu 
active  within  a  recent  period.  He  mentions  the  occurrence  of  100  active  vents  from  tlie 
Kuriles  to  Kinshu  (2000  miles).  He  remarks  that,  “if  we  were  in  a  position  to  indicate 
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their  distribution  over  the  globe  may  be  thus  summarised  : — ^1)  Volcanoes 
occur  along  the  margins  of  the  ocean-basins,  particillirlj  along  lines  of 
dominant  mountain-ranges,  which  either  form  part  of  the  mainland  of 
the  continents  or  extend  as  adjacent  lines  of  islands.  The  vast  hollow 
of  the  Pacific  is  girdled  with  a  wide  ring  of  volcanic  foci.  (2)  Volcanoes 
rise,  as  a  striking  feature,  from  the  submarine  ridges  that  traverse  the 
ocean  basins.  All  the  oceanic  islands  are  either  volcanic  or  formed  of 
coral,  and  the  scattered  coral-islands  have  in  all  likelihood  been  built 
upon  the  tops  of  submarine  volcanic  cones.  (3)  Volcanoes  are  genemlly 
situated  not  far  from  the  sea  or  from  some  inland  sheet  of  water.  The 
only  known  exceptions  to  this  rule  are  certain  vents  in  Mantchouria  and 
in  the  tract  lying  between  Thibet  and  Siberia ;  but  of  the  actual  nature 
of  these  vents  very  little  is  yet  known.  (4)  The  prevalent  arrangement 
of  volcanoes  is  in  series  along  what  have  probably  been  lines  of  dominant 
movement  in  the  earth’s  crust,  such  as  fracture  or  plication.  This  linear 
arrangement  is  conspicuous  in  the  chain  of  the  Andes,  the  Aleutian 
Islands,  and  the  Malay  Achipelago.  A  remarkable  zone  of  volcanic 
vents  girdles  the  globe  from  Central  America  eastward  by  the  Azores, 
Cape  Verd,  and  Canary  Islands  to  the  Mediterranean,  thence  to  the  Bed 
Sea,  and  through  the  chains  of  islands  from  the  south  of  Asia  to  New 
Zealand  and  the  heart  of  the  Pacific.  (5)  On  a  smaller  scale,  the  distri¬ 
bution  in  long  lines  gives  place  to  one  in  groups,  as  in  Italy,  Iceland, 
and  the  sporadic  volcanic  islands  of  the  great  oceans. 

It  is  in  the  region  of  the  Pacific  Ocean  that  volcanic  vents  are  most 
abundantly  distributed.  On  the  western  side  of  this  vast  basin  it  has 
been  estimated  that  there  are  102  active  vents,  but  the  true  number  is 
probably  much  higher.  On  the  eastern  side  the  number  is  given  as  113. 
The  linear  grouping  of  these  volcanoes  along  the  border  of  the  Asiatic 
mainland  extends  through  Kamtschatka,  the  Kurile  Isles  and  Japan,  south¬ 
wards  to  the  Malay  Archipelago.  In  Sumatra,  Java  and  the  adjoining 
islands  no  fewer  than  fifty  vents  are  placed,  and  the  series  is  prolonged 
through  New  CTuinea  into  New  Zealand.  More  impressive  still  is  the 
volcanic  band  which  runs  along  the  whole  length  of  the  American  Con¬ 
tinent.  Even  in  the  centre  of  this  great  ocean  volcanic  energy  manifests 
itself  on  a  colossal  scale  in  the  great  lava-cones  of  the  Sandwich  Islands, 
The  Atlantic  Ocean  includes  some  thirty  volcanoes  either  now  or  lately 
active.  Some  of  these  rise  from  the  great  central  ridge  of  this  long, 
oceanic  trough  in  the  Azores,  Canary  Islands  and  the  degraded  volcanoes 
of  St.  Helena,  Ascension  and  Tristan  d’Acunha,  while  others  are  grouped 
near  the  American  and  African  borders,  and  those  of  Iceland  rise  from 
the  ridge  that  separates  the  Atlantic  and  Arctic  basins.  In  the  Arctic 
Ocean  lies  the  solitmy  Jan  Mayen,  while  on  the  Antarctic  Continent  tlie 
giant  Mounts  Erebus  and  Terror  tower  above  the  ice-field.  In  the  Indian 
Ocean  five  volcanoes  appear,  the  number  assigned  to  the  continent  of 

the  volcanoes  which  had  been  in  eruption  during  the  last  4000  year«,  the  probability  is 
that  they  would  number  several  thousands  rather  than  four  or  five  hundred.”  ‘Earth¬ 
quakes  and  other  Earth-movements,’  1886,  p.  227.  Compare  Fisher,  ‘Physics  of  the  Earth’s 
Crust,’  2nd  ed.  chap.  xxiv. 
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Asia  is  t^velve,  to  Africa  twenty-seven,  while  Europe  has  its  four  ^'olcanie 
districts  of  Etna,  Vesuvius,  the  Lipari  Islands  and  Santorin. 

Besides  the  existence  of  extinct  volcanoes  which  have  oh^dously  l>eeii 
active  in  comparatively  recent  times,  the  geologist  can  adduce  proofs  of 
the  former  presence  of  active  volcanoes  in  many  countries  where  cones, 
craters  and  all  the  ordinary  aspects  of  volcanic  mountains  have  long 
disappeared,  hut  where  sheets  of  lava,  beds  of  tuff,  dykes  and  necks 
representing  the  sites  of  volcanic  vents  have  been  recognised  alnindantly 
(Book  IV.  Part  VIL).  These  manifestations  of  volcanic  action,  moreover, 
have  as  wide  a  range  in  geological  time  as  they  have  in  geographical  area. 
Every  great  geological  period,  brtck  into  pre- Cambrian  time,  seems  to 
have  had  its  volcanoes.  In  Britain,  for  instance,  there  were  probably 
active  volcanic  vents  in  pre-Caml3rian  ages.  The  Arcluvan  gneiss  of  X.-\V. 
Scotland  includes  a  remarkal^le  series  of  dykes  presenting  some  points  of 
resemblance  to  the  great  system  which  afterwards  appeared  in  Tertiary 
time.  The  Torridon  sandstone  of  the  same  region,  which  is  now  known 
to  be  pre-Cambrian,  contains  pebbles  of  various  finely  vesicular  I’ocks, 
such  as  might  have  come  from  volcanic  eruptions.  In  the  lower  Cambrian 
period  came  the  tuffs  and  diabases  of  Peral^rokeshire.  Still  more  ^’'igor- 
ous  were  the  volcanoes  in  the  Lower  Silurian  period,  when  the  lavas  and 
tuffs  of  Snowdon,  Aran  Mowddwy  and  Cader  Idris  'were  ejected.  During 
the  deposition  of  the  Upper  Silurian  rocks  a  few  volcanoes  were  active  iti 
the  south-west  of  England  and  the  west  of  Ireland.  The  Lower  Old  Red 
Sandstone  epoch  was  one  of  prolonged  activity  in  Central  Scotland,  and  to 
'a  less  extent  in  the  south  of  England.  The  earlier  half  of  the  Carbon¬ 
iferous  period  likewise  witnessed  great  volcanic  energy  over  the  south  of 
Scotland,  and  in  a  minor  degree  in  central  and  south-western  England 
and  western  Ireland.  Lavas  (andesites  and  trachytes)  were  then  poured 
out  in  wide  level  plateaux  from  many  vents  for  hundreds  of  square  miles  in 
the  southern  half  of  -Scotland,  while  groups  of  minor  cones,  like  the  puys 
of  Auvergne,  were  dispersed  over  the  sea -floor  and  among  the  lagoons. 
During  Permian  time,  more  than  a  hundred  small  vents  rose  in  scattered 
groups  across  the  centre  and  south-west  of  Scotland,  while  a  few  similar 
points  of  eruption  appeared  in  the  south-west  of  England.  Xo  trace  of 
any  British  Mesozoic  volcanoes  has  been  met  with.  The  vast  interval 
between  Permian  and  older  Tertiary  time  appears  to  have  been  a  period 
of  total  quiescence  of  volcanic  activity.  The  early  Tertiary  ages  were 
distinguished  by  the  outpouring  of  the  enormous  l)asaltic  plateiiux  of 
Antrim  and  the  Inner  Hebrides.^ 

In  France  and  Germany,  likewise.  Palaeozoic  time  was  marked  l)y  the 
eruption  of  many  diabase,  andesite,  and  quartz -porphyry  lavas.  In 
Brittany,  for  example,  Dr.  Barrois  has  found  a  remarkable  series  of 
older  Palaeozoic  diabases  and  porphyrites  with  tuffs  and  agglomerates. 
He  distinguishes  four  principal  periods  of  eruption:  (1)  Cambrian  and 
Lower  Silurian;  (2)  Middle  and  Upper  Silurian;  (3)  Upper  Devonian ; 

^  For  a  detailed  summary  of  the  volcanic  history  of  Britain,  see  Presidential  Addresses 
to  the  Geological  Society,  0.  J.  (L  A  xlvii.  xlviii.  (1891-92),  and  ‘Ancient  Vohnmoea  of 
Great  Britain.’  . 
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(4)  Carboniferous.^  The  Permian  period  was  marked  in  Germany  and 
also  in  the  south  of  France  by  the  discharge  of  great  masses  of  various 
quartz-porphyries.  ‘  The  Triassic  period  likewise  witnessed  numerous 
eruptions.  But  from  that  period  onward  the  same  remarkable  quiescence 
appears  to  have  reigned  all  over  Europe,  which  characterised  the  geo¬ 
logical  history  of  Britain  during  Mesozoic  time.-  In  the  Tertiary  periods 
a  prodigious  outpouring  of  lavas,  both  acid  and  basic,  continued  from  the 
Miocene  epoch  down  even  perhaps  to  the  historic  period.  Examples  of 
this  great  series  are  met  with  in  Central  France,  the  Eifel,  Italy,  Bohemia, . 
and  Hungary,  almost  to  the  existing  period.  Eecent  research  has  brought 
to  light  evidence  of  a  long  succession  of  Tertiary  and  post-Tertiary  vol¬ 
canic  outbui'sts  in  Western  America  (Nevada,  Oregon,  Idaho,  Utah,  &c.). 
Volcanic  rocks  are  associated  with  Palaeozoic,  Secondary,  and  Tertiary 
formations  in  New  Zealand,  where  volcanic  action  is  not  yet  extinct. 

Thus  it  can  be  shown  that,  within  the  same  comparatively  limited 
geographical  space,  volcanic  action  has  l)een  rife  at  intervals  during  a 
long  succession  of  geological  ages.  Even  round  the  sites  of  still  active 
vents,  traces  of  far  older  eruptions  may  be  detected,  as  in  the  case  of  the 
existing  active  volcanoes  of  Iceland,  which  rise  from  amid  Tertiary  lavas 
and  tuffs.  Volcanic  action,  which  now  manifests  itself  so  conspicuously 
along  certain  lines,  seems  to  have  continued  in  that  linear  development 
for  protracted  periods  of  time.  The  actual  vents  have  changed,  dying 
in  one  place  and  breaking  out  in  another,  yet  keeping  on  the  whole 
along  the  same  tracts.  Taking  all  the  manifestations  of  volcanic  action 
together,  both  modern  and  ancient,  we  see  that  the  subteiTanean  forces 
have  operated  along  great  lines  in  the  earth’s  crust,  that  they  have  again 
and  again  been  active  over  regions  which  now  lie  far  within  the  borders  of 
the  great  continents,  that  the  existing  volcanoes  form  but  a  small  propor¬ 
tion  of  the  total  number  which  have  once  flourished,  and  that  certain 
1‘egions,  like  most  of  European  Eussia,  furnish  no  evidence  of  ever  having 
possessed  active  volcanoes  within  their  bounds. 

Sequence  of  Petrographic  Types  at  Volcanic  Vents. — Reference  may 
here  be  made  to  a  feature  of  volcanic  eruptions  which  will  Ije  more 
satisfactorily  discussed  in  a  later  part  of  this  text-book.  From  observations 
made  in  all  parts  of  the  world  it  has  now  been  ascertained  that  in  the  life 
of  each  volcano  a  gradual  change  can  be  recognised  in  the  chemical  and 
mineralogical  character  of  the  materials  which  it  discharges  at  the  surface. 
The  oldest  lavas,  whether  erupted  in  streams  above  ground  or  expelled  in 
ilust  and  fragments,  differ  from  those  of  middle  age,  and  these  again  from 
those  that  belong  to  the  closing  epochs  of'  activity.  From  researches 
made  by  him  in  Hungary,  in  China  and  in  the  western  regions  of  the 
United  States,  Baron  F.  von  Itichthofen  as  far  back  as  1868  announced 

^  Bull.  Carte  iUol.  D'daill.  France^  No.  7,  1889. 

-  Some  trifling  exception.s  to  this  general  statement  are  said  to  occur.  C.  E.  IM.  Rolirbacli 
describes  Cretaceous  teschenites  and  diabases  in  Silesia  {Tscheruiok's  Miu.  Mltfhell.  vii, 
(1885),  p.  15).  P.  Choffat  refers  to  Cenomanian  eruptions  in  Portugal  {Joiu'k.  Snemias 
Math.  Pliys.  Naiur.,  Lisbon,  1884).  A.  E.  Lagorio  lias  found  in  the  Crimea  a  series  of 
sheets,  dyhes  and  bosses,  ranging  from  nevadites  to  basalts,  which  may  be  of  Jurassic  age. 
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that  the  general  order  of  succession  in  the  appearance  of  volcanic  rocks 
at  each  centre  of  eruption  was  first  Propylite,  followed  successively  hy 
Andesite,  Trachyte,  Rhyolite  and  Basaltd  This  sequence  he  l)elieved  to 
be  seldom  or  never  complete  in  any  one  locality — sometimes  only  one 
member  of  the  series  may  be  found ;  but  when  two  or  more  occur,  they 
follow,  in  his  opinion,  this  order,  basalt  being  everywhere  the  latest  of 
the  series.  Subsequent  research,  however,  has  shown  that  though  his 
generalisation  expressed  a  natural  sequence  frequently  observable,  it  was 
not  of  universal  application,  and  especially  failed  in  the  case  of  eruptions 
from  a  volcanic  centre  where  fre(|uent  repetitions  of  whole  or  partial 
series  may  occur.-  A  few  examples  of  the  observed  order  of  appearance 
at  different  volcanoes  may  here  l)e  cited. 

The  researches  of  Bergeat  among  the  Lipari  Islands  have  shown  that  the  earliest 
eruptions  at  that  centre  consisted  of  felspar-basalts  with  from  51  to  55  per  cent  of  silica, 
followed  by  andesites  with  gradually  increasing  acidity  until  their  silica  rose  to  over  61 
per  cent.  These  andesites  belonged  to  the  most  vigorous  period  of  activity.  After  them 
came  a  remarkable  change  in  the  geographical  distribution  as  well  as  in  the  clieini(ial 
composition  of  the  lavas  emitted.  From  some  vents,  as  those  of  Lipari  and  Yulcano, 
liparites  have  been  poured  out  containing  sometimes  as  much  as  74*5  per  cent  of  silicai 
while  from  other  neighbouring  orifices  basalts  and  leucite-basanites  have  been  emitted 
which  are  more  basic  even  than  the  basalts  at  the  beginning  of  the  series. •* 

The  Eureka  district,  Nevada,  has  furnished  a  large  body  of  important  evidence 
regarding  the  sequence  of  volcanic  eruptions.  As  the  result  of  his  prolonged  observationh 
Mr.  Arnold  Hague  gives  the  following  as  the  order  of  appearance  of  the  lavas  in  that 
region:  (1)  Hornblende-andesite;  (2)  Hornblende-mica-andesite;  (3)  Dacite  ;  (4} 
Rhyolite;  (5)  Pyroxene- andesite ;  (6j  Basalt.*^ 

In  the  volcanic  area  of  the  Yellowstone  Park,  Mr.  Iddings  found  the  succession  to  he 
andesites  of  mean  composition,  including  hornblende-andesite  and  hornbhmd(‘-niica- 
andesite,  followed  by  more  basic  andesite  and  basalt,  and  more  siliceous  andesite  and 
dacite,  and  by  basalt,  rhyolite  and  basalt.''"' 

The  general  result  of  the  observations  at  regions  of  still  active  or 
extinct  volcanoes,  while  establishing  the  fact  of  a  gradual  change  in  the 
character  of  the  magma  from  which  the  lavas  are  derived,  suggests  that  at 
first  when  volcanic  activity  begins  the  magma  is  frequently  if  not  always 
one  of  intermediate  composition,  but  inclining  towards  the  basic  rather 
than  to  the  acid  side ;  that  by  degrees  a  process  of  differentiation  sets  in 
whereby,  within  the  same  magma-reservoir,  the  basic  constituents  tend 
towards  oife  quarter  while  the  acid  are  left  or  move  towards  another ; 
that  in  this  way,  from  different,  or  even  sometimes  from  the  same,  funnels 
of  discharge,  now  acid  and  now  basic  lavas  are  emitted  ;  and  that  usually 
the  final  emissions  are  of  a  basic  character. 

These  conclusions  have  been  derived  from  a  study  of  local  volcanic 
centres,  and  may  require  modification  in  regard  to  the  history  of  fissure- 
eruptions.  Mr.  Iddings  has  remarked  that  at  a  volcanic  centre  differentia- 

^  ‘‘The  Natural  System  of  Volcanic  Bocks,”  (Jallfuni.  Acad.  Act.  LStiH. 

-  J.  P.  Iddings,  Bi'll.  Phil.  Soc.  Wushin^fon,  xii.  (1892),  p.  144. 

^  ‘  Die  Aeolischen  Inseln,’  p.  268. 

^  “Geology  of  the  Eureka  District,”  Moywgmph  xx.  U.  S.  a.  S.  (1892),  ]>.  290. 

Jiidl.  Phil.  Aoc.  Wcfshington.  xii.  p.  145. 
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tiou  will  take  place  independently  of  other  centres  within  a  relatively 
small  body  of  magma,  at  frequent  intervals  or  continuously,  and  with  the 
emission  of  a  comparatively  limited  amount  of  lava  at  any  one  time, 
whereas  in  fissure-eruptions  the  outbursts  may  ])e  few,  with  long  pauses 
between  and  the  discharge  of  comparatively  large  volumes  of  lava  at  each 
outburst,  and  with  less  variation  in  the  chemical  and  mineralogical  com- 
loosition  of  the  material  discharged^  It  may  be  added  that  in  some  cases 
at  least  the  differentiation  in  areas  of  fissure-eruptions,  when  it  has 
advanced  so  far  as  to  give  rise  to  highly  acid  compounds,  has  at  the  same 
time  become  local  in  its  manifestations.  Thus  along  the  vast  region  of 
Tertiary  basalt  which  stretches  in  broken  tracts  from  Antrim  in  Ireland 
to  the  north  of  Iceland,  protrusions  of  granophyre  and  liparite  have 
broken  through  the  basalt  in  many  places,  forming  prominent  hills  or 
even  groups  of  hills,  but  never  extending  far  over  the  basic  sheets.  But 
there  also  the  latest  eruptions  have  been  of  a  basic  character,  for  the  acid 
masses  are  traversed  by  numerous  dykes  of  basalt. 

As  the  older  ejections  of  a  living  volcano  are  usually  more  or  less 
buried  under  later  materials,  the  petrographical  history  of  the  lavas  cannot 
always  be  satisfactorily  studied  there.  It  is  among  the  volcanoes  of  former 
geological  periods,  where  denudation  has  laid  bare  the  inner  architecture 
of  the  mountains,  that  this  history  can  be  most  completely  unravelled. 
Turther  consideration  of  the  subject  will  therefore  be  postponed  to  Book 
IV.  Part  VII.,  where  the  plutonic  and  volcanic  rocks  that  form  part  of 
the  earth’s  crust  will  be  described. 

g  5.  Causes  of  Volcanic  Action. 

No  section  of  dynamical  geology  offers  greater  difficulties  for  solution 
than  the  problems  of  volcanism,  and  in  none  have  theory  and  speculation 
l)een  more  rife.  In  the  early  days  of  the  science,  AVerner  and  his  school 
got  rid  of  these  difficulties  by  boldly  affirming  volcanoes  to  be  a  modern 
and  in  significant  phenomenon,  easily  explicable  on  the  supposition  that 
subterranean  beds  of  coal  have  taken  fire.  Afterwards  came  the  notion 
of  great  chemical  changes  within  the  earth,  such  as  those  which  Sir 
Humphry  Davy  showed  would  result  from  the  access  of  water  to  bodies 
of  metallic  sodium  and  potassium.  When  geologists  had  come  to  believe 
without  hesitation  that  the  great  mass  of  the  earth  consists^  of  molten 
liquid  enclosed  within  a  comparatively  thin  shell,  they  naturally  looked 
upon  volcanic  action  as  one  of  the  obvious  and  inevitable  reactions  of  an 
interior  so  constituted  upon  its  cool  external  envelope,  though  they  could 
form  no  clear  or  generally  acceptable  opinion  as  to  the  immediately 
determining  cause  of  a  volcanic  eruption.  The  favourite  conception  was 
one  that  invoked  the  contraction  of  the  earth  in  consequence  of  its 
secular  cooling.  Thus  Cordier  calculated  that  a  contraction  of  only  a 
single  millimetre  (about  ^Vth  of  an  inch)  would  suffice  to  force  out  to  the 
surface  lava  enough  for  500  eruptions,  allowing  1  cubic  kilometre  (about 
1300  million  cubic  yards)  for  each  eruption.- 

1  Oj).  df,  p.  182. 

-  ‘Essai  sur  la  Temperature  de  I’lnterieur  de  la  Terre,’  Paris,  1827. 
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But  soniethiiig  more  than  mere  contraction  was  needed  to  account  for  the  litful 
outbreaks  and  singularly  variable  intensity  of  volcanic  action.  The  most  ingenious 
and  elaborate  a]-)plii'ation  of  the  i<lea  of  secular  contraction  was  that  w’orked  out  by 
the  late  Robert  IMallet,^  wlio  maintained  that  all  the  present  manifestations  of 
hypogene  action  are  due  directly  to  the  more  rapid  contraction  of  the  hotter  internal 
mass  of  the  earth  and  the  consequent  crushing  in  of  tlie  outer  cooler  shell.  He 
pointed  to  the  admitted  dithculties  in  the  way  of  connecting  volcanic  phenomena 
witli  the  existence  of  internal  lakes  of  liquid  matter,  or  of  a  cenh’al  ocean  of  molten 
rock.  Oliservations  made  by  him,  on  the  effects  of  the  eartli(|uake  shocks  ac(ioni- 
panying  the  volcanic  erniRions  of  A^'esuvius  and  of  Etna,  showed  that  the  focus  of 
disturbance  could  not  be  more  than  a  few  miles  deep  ;  that,  in  relation  to  the  general 
mass  of  the  globe,  it  was  quite  su[>erlieial,  and  could  not  possibly  have  lain  under  a 
crust  of  800  miles  or  upwards  in  thickness.  The  occurrence  of  volcanoes  in  lines, 
and  esi>ecially  taloiig  some  of  the  great  mountain-chains  of  the  planet,  was  likewise 
dwelt  upon  by  him  as  a  fact  not  satisfactorily  ex[)licable  on  any  previous  hypothesis  of 
volcauie  energy.  But  he  contended  that  all  these  difficulties  disappear  when  once  the 
simple  idea  of  cooling  and  contraction  is  adequately  realised.  “The  secular  cooling  of 
the  glohe,”  he  remarks,  “  is  always  going  on,  though  in  ai  very  slowly  descending  ratio. 
Contraction  is  therefore  constantly  providing  a  store  of  energy  to  he  expended  in 
erushing  parts  of  the  crust,  and  through  that  providing  for  the  volcanic  heat.  But  the 
crushing  itself  does  not  take  place  with  uniformity  ;  it  necessarily  acts  per  salt  am 
after  accumulated  pressure  has  reached  the  necessary  amount  at  a  given  point,  where 
some  of  the  pressed  mass,  unecpially  pressed  as  we  must  assume  it,  gives  way,  and  is 
succeeded  perhaps  by  a  time  of  repose,  or  by  the  transfer  of  the  crushing  action  elsewhere 
to  some  weaker  point.  Hence,  though  the  magazine  of  volcanic  energy  is  being 
constantly  and  steadily  replenished  by  secular  cooling,  the  effects  are  intermittent.” 
He  offered  an  experimental  p)roof  of  the  sufficiency  of  the  store  of  heat  produced  by  this 
internal  cru.shing  to  cause  all  the  x^^T-enomena  of  existing  volcanoes.-  The  sliglit 
e-omparative  depth  of  the  volcanic  foci,  their  linear  arrangement,  and  their  occurrence 
along  lines  of  dominant  elevation  become,  he  contended,  intelligible  under  tliis 
liy])Otbesis.  Eor  .since  the  crushing  in  of  the  crust  may  occur  at  any  depth,  the 
volcanic  sources  may  vary  in  depth  indefinitely  ;  and  as  the  crushing  will  take  place 
chiefly  along  lines  of  weakness  in  the  crust,  it  is  precisely  in  such  lines  that  crumpled 
mountain-ridges  and  volcanic  funnels  should  appear.  Moreover,  by  this  explanation 
its  author  sought  to  harmonise  the  discordant  observations"' regarding  variations  in  the 
rate  of  increase  of  temperature  downward  within  the  earth,  which  have  already  been 
cited  and  referred  to  unequal  conductivity  in  the  crust  (p.  62).  He  pointed  out  that  in 
some  })arts  (ff  tlie  crust  the  crushing  must  he  mucli  greater  than  in  other  parts;  and 
since  the  heat  “is  directly  proportionate  to  the  local  tangential  ]»ressure  which  produces 
the  crushing  and  tlie  resistance  thereto,”  it  may  vary  indefinitely  up  to  actual  fusion. 
So  long  as  the  crushed  rock  remains  out  of  reach  of  a  sufficient  access  of  subterranean 
water,  there  'would,  of  course,  be  no  disturbance.  But  if,  througb  tlie  weaker  parts, 

^  LhiL  Trans.  1873.  Bee  also  Daubree’s  experimental  determination  of  the  quantity  of 
heat  evolved  by  the  internal  crushing  of  rocks.  ‘Geologic  Experimeiitale,’  p.  448.  For 
adverse  criticisms  of  Mallet’s  views  .see  Hilgard,  Amer.  Journ.  Sci.  vii.  (1874)  ;  0.  Fisher, 
Q.  J.  Cr.  S.  August  1875,  Phil.  Mag.  Feh.  1876,  and  ‘Physics  of  the  Earth’s  Crust,’ 
cliap.  xxii.  Mallet’s  reply  is  in  Phil.  Mag.  for  July  1875. 

The  elaborate  and  careful  experimental  researches  of  this  observer  "vvill  reward  attentive 
peru.sal.  Mallet  estiinate.s  from  experiment  tlie  amount  of  heat  given  out  by  the  crushing  of 
different  rocks  (.syenite,  granite,  sandstone,  slate,  limestone),  and  concludes  that  a  cubic 
mile  of  the  cru.st  taken  at  the  mean  density  would,  if  crushed  into  powder,  give  out  heat 
enough  to  melt  nearly  3A  cubic  miles  of  similar  rock,  as.surning  the  melting-point  to  he 
2000°  Fahr.  {postea.,  p.  400).  ^ 
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water  enough  should  descend  and  he  absorbed  by  the  intensely  hot  crushed  mass,  it 
would  be  raised  to  a  very  high  temperature,  and,  on  suftlcient  diminution  of  pressure, 
would  flash  into  steam  and  produce  the  commotion  of  a  volcanic  eruption. 

This  ingenious  theory  requires  the  operation  of  sudden  and  violent  movements,  or 
at  least  that  the  heat  generated  by  the  crushing  should  be  more  than  can  be  immediately 
conducted  away  through  the  crust.  AV'ere  the  crushing  slow  and  equable,  the  heat 
developed  by  it  might  be  so  tranquilly  dissipated  that  the  temperature  of  the  crust 
would  not  be  sensibly  affected  in  the  process,  or  not  to  such  an  extent  as  to  cause  any 
appreciable  molecular  re-arrangement  of  the  particles  of  the  rocks.  But  an  amount  of 
internal  crushing  insufficient  to  generate  volcanic  action  may  have  been  accomjianied 
by  such  an  elevation  of  temperature  as  to  induce  important  changes  in  the  structure  of 
rocks,  such  as  are  embraced  under  the  term  ‘‘ metamorphie.” 

Ey  common  consent  geologists  have  recognised  that  the  source  of 
volcanic  energy  must  be  sought  in  the  high  temperature  of  the  interior 
of  the  globe.  They  agree  that  the  main  proximate  cause  of  the 
ordinary  phase  of  eruptivity  marked  by  the  copious  evolution  of  steam 
and  the  abundant  production  of  dust,  slags  and  cinders  from  one  or 
more  local  vents,  is  obviously  the  expansive  force  exerted  by  vapours 
dissolved  in  the  molten  magma  from  which  lavas  proceed.  Whether  and 
to  what  extent  these  vapours  are  parts  of  the  aboriginal  constitution 
of  the  earth’s  interior,  or  are  derived  by  descent  from  the  surface,  is 
however  a  question  on  which  opinions  differ.  The  abundant  occlusion  of 
hydrogen  in  meteorites,  the  discovery  of  large  volumes  of  this  and  other 
gases  within  the  minute  pores  of  many  different  kinds  of  rock  {cintc,  p.  142), 
and  the  capacity  of  many  terrestrial  substances,  notably  melted  metals, 
to  absorb  large  quantities  of  gases  and  vapours  without  chemical 
combination,  and  to  emit  them  on  cooling  with  eruptive  phenomena  not 
unlike  those  of  volcanoes,  have  led  some  observers  to  conclude  that  the 
gaseous  ejections  at  volcanic  vents  are  essentially  portions  of  the  original 
constitution  of  the  magma  of  the  globe,  and  that  to  their  -escape  the 
activity  of  volcanic  vents  is  due.  Professor  Tschermak^in  particular  has 
advocated  this  opinion,  and  it  has  been  adopted  by  other  able  observers.- 

On  the  other  hand,  since  so  large  a  proportion  of  the  vapour  of 
active  volcanoes  consists  of  steam,  many  geologists  have  urged  that  this 
steam  has  in  great  measure  been  supplied  by  the  descent  of  water  from 
above  ground.  The  floor  of  the  sea  and  the  beds  of  rivers  and  lakes  are 
all  leaky.  Moreover,  during  volcanic  eruptions  and  earthquakes,  fissures 
no  doubt  open  under  the  sea,  as  they  do  on  land,  and  allow  the  oceanic 
water  to  find  access  to  the  interior.^  Again,  rain  sinking  beneath  the 

^  Professor  Tseherniak  bas  suggested  that  if  190  cubic  kilometres,  of  the  constitution  of 
cast-iron,  be  supposed  to  solidify  annually,  and  to  give  oft*  .50  times  its  volume  of  gases,  it 
would  suffice  to  maintain  20,000  active  volcanoes.  Sitz.  Akad.  Wissten.  T17c/7z,  Ixxv.  (1877), 
p.  151.  A.  C.  Lane,  “Geologic  Activity  of  the  Earth’s  originally  absorbed  Gases,” /ML 
Geol.  Soc.  Amer.  v.  (1894),  pp.  259-280. 

See,  for  example,  Keyer’s  "Beitrag  zur  Physik  der  Eruptionen,’  Vienna,  1877.  Stiibel, 
as  the  result  of  his  long-continued  study  of  volcanoes,  alike  in  the  Old  and  the  New  Worlds, 
has  come  to  the  confident  conviction  that  volcanic  eruptions  do  not  depend  upon  any  source 
from  outside,  but  that  the  magma  is  itself  the  cause  and  source  of  the  energy  (“deren 
XJrsache  und  Triigerin  das  Magma  selbst  ist  ”)  ;  ‘  Vnlcanb.  Ecuador,’  p.  358. 

Professor  Moseley  mentions  that  during  a  submarine  eruption  off  Hawaii  in  1877  “a 
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surface  of  the  land  percolates  down  cracks  and  joints,  and  infiltrates 
through  the  very  pores  of  the  rocks.  The  presence  of  nitrogen  among  the 
gaseous  discharges  of  volcanoes  may  indicate  the  decomposition  of  water 
containing  atmospheric  gases.  The  abundant  sublimations  of  chlorides 
are  such  as  might  probably  result  from  the  decomposition  of  sea -water. 
To  some  extent  surface-waters  doubtless  do  reach  the  volcanic  magma. 

It  appears  to  be  probable  that,  somewhat  like  the  reservoirs  in  which 
hot  water  and  steam  accumulate  under  geysers,  the  subterranean  magma 
receives  a  constant  influx  of  water  from  the  surface,  which  cannot  escape 
by  other  channels,  but  is  absorbed  by  the  internal  magma  at  an 
enormously  high  temperature  and  under  vast  pressure.  In  the  course 
of  time,  the  materials  filling  up  a  volcanic  chimney  are  unable  to  with¬ 
stand  the  upward  expansion  of  this  imprisoned  vapour  or  water-substance, 
so  that,  after  some  premonitory  rumblings,  the  whole  opposing  mass  is 
blown  out,  and  the  vapour  escapes  in  the  well-known  masses  of  cloud. 
Meanwhile,  the  removal  of  the  overlying  column  relieves  the  pressure 
on  the  lava  underneath,  saturated  with  vapours  or  superheated  water. 
This  lava  therefore  begins  to  rise  in  the  funnel  until  it  forces  its  way 
through  some  weak  part  of  the  cone,  or  pours  over  the  top  of  the  crater. 
After  a  time,  the  vapour  being  expended,  the  energy  of  the  volcano 
ceases,  and  there  comes  a  variable  period  of  repose,  until  a  renewal  of 
the  same  phenomena  brings  on  another  eruption.  By  such  successive 
paroxysms,  the  forms  of  the  internal  reservoirs  and  tunnels  may  be 
changed ;  new  spaces  for  the  accumulation  of  superheated  water  being 
opened,  whence  in  time  fresh  volcanic  vents  issue,  while  the  old  ones 
gradually  die  out.^ 

An  obvious  objection  to  this  explanation  is  the  difficulty  of  conceiving 
that  water  should  descend  at  all  against  the  expansive  force  within. 
But  Daubr6e’s  experiments  have  shown  that,  owing  to  capillarity,  water 
may  permeate  rocks  against  a  high  counter -pressure  of  steam  on  the 
further  side,  and  that  so  long  as  the  water  is  supplied,  whether  by 
minute  fissures  or  through  pores  of  the  rocks,  it  may,  under  pressure  of 
its  own  superincumbent  column,  make  its  way  into  highly  heated  regions.*-^ 

fissure  opened  on  the  coast  of  that  island,  from  a  few  inches  to  three  feet  hroad,  and  in  some 
places  the  water  was  seen  pouring  down  the  opening  into  the  abyss  below.”  ‘  Notes  by  a 
Naturalist  on  the  Qhalhngtr,'  p.  503.  It  is  well  known  that  in  the  island  of  Ccjihalonia 
the  sea  has  for  generations  been  flowing  into  the  fissured  limestone  in  volume  suflicient  to 
be  used  for  working  corn-mills.  No  altogether  satisfactory  explanation  of  the  phenomenon 
has  been  proposed.  Messrs.  F.  W.  and  W.  0.  Crosby  have  suggested  that  the  water  descends 
as  in  one  arm  of  a  syphon,  and  after  reaching  a  considerable  depth  and  acfpiiring  in  con¬ 
sequence  a  much  higher  temperature,  re-ascends  by  another  arm  and  finds  an  outhd  under 
the  sea.  “The  Sea-mills  of  Cephalonia,”  Technological  Quarterly,  ix.  (1896),  p.  6. 

1  The  potent  part  taken  by  water  is  well  expressed  by  Prestwich  (‘Controverted 
Questions  in  G-eology,’  1885,  Art.  iv.),  who  thought,  however,  that  it  was  only  a  secondary 
part,  and  that  the  main  cause  of  volcanic  action  was  to  be  sought  in  a  modification  of  the 
old  hypothesis  of  the  contraction  of  the  solid  crust  upon  a  yielding  and  liot  nucleus. 

2  Daiibree,  ‘Geologic  Experimentale,’  p.  274;  Tschermak,  as  cited  above';  Keyer, 
Beitrag  zur  Physik  der  Eruptionen,’  §  i.  Experience  in  deep  mines  rather  goes  to  show  that 

the  permeation  of  water  through  the  pores  of  rocks  gets  feebler  as  we  descend. 
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In  his  work  on  the  volcanoes  of  Ecuador,  Dr.  Stiibel,  who  has  devoted  a  long  life 
to  the  study  of  volcanic  phenome-na,  sums  up  the  conclusions  to  which  he  has  come 
with  regard  to  the  origin  and  history  of  the  volcanic  energy  of  the  globe.  Eirmly 
convinced  that  the  source  of  this  energy  resides  in  the  molten  magma  itself,  he  sets 
out  to  show  from  the  volcanoes  of  Ecuador,  Mexico  and  Syria  that  the  present  foci  of 
eruption  cannot  be  deep-seated,  but  probably  lie  at  no  great  depth  beneath  the  surface. 
He  conceives  them  to  be  entirely  enclosed  spaces  of  molten  material,  and  believes  that 
the  cause  of  their  eruptive  action  is  to  be  found  in  a  cooling  process,  in  the  course  of 
which  a  more  or  less  sudden  increase  of  volume  plays  the  most  essential  part.  This 
result  is  not  brought  about  through  the  whole  body  of  the  magma,  but  different  portions 
are  successively  brought  under  its  influence.  He  cites  numerous  observations  on  the 
behaviour  of  melted  substances  at  furnaces,  laboratories,  and  at  volcanoes  like  Kilauea, 
to  show  how  widespread  is  this  expansion  in  the  process  of  cooling.  He  emphasises 
the  important  part  taken  by  the  gases  in  the  magma,  though  he  does  not  appear  able 
to  understand  how  they  of  themselves  can  give  rise  to  a  volcanic  eruption.  He  thinks 
that  as  they  rise  through  the  magma  they  cause  it  to  swell  upward  in  the  direction  of 
escape  to  the  surface,  and  allow  it  to  exert  an  enormous  force  on  its  surroundings.  He 
speculates  further  on  the  probable  history  of  volcanic  phenomena  in  the  geological 
past.  Starting  with  the  globe  as  a  mass  of  molten  material,  he  pictures  the  repeated 
and  gigantic  outpourings  of  the  magma  over  the  thin  crust,  whereby  the  surface  became 
coated  with  a  thick  mantle  of  solidified  rock.^  By  this  world-wide  extravasation  and 
by  the  augmentation  in  volume  of  the  constantly  thickening  crust,  an  imperceptible 
increase  of  the  earth’s  diameter  is  admitted  as  a  result,  with  all  the  cosmical  consequences 
that  would  necessarily  follow  therefrom.  Eventually,  as  the  crust  thickened  tliij 
contest  between  its  resistance  and  the  expansive  force  of  the  material  reached  a  climax. 
A  grand  “catastrophe”  took  place.  Vast  volumes  of  molten  rock  were  discharged  over 
the  surface  far  exceeding  any  discharges  before  or  since  ;  but  that  episode  marked  the 
close  of  the  direct  access  of  the  great  central  magma  to  the  surface.  So  vast,  however, 
was  the  volume  of  material  then  poured  out  that  peripheral  magma-reservoirs  were 
formed  in  it.  These,  which  have  necessarily  been  driven  nearer  and  nearer  to  the 
surface  by  the  continuous  cooling  of  the  interior,  are  regarded  as  the  sources  of  our 
present  active  volcanoes.  The  author  of  this  singular  theory  does  not  deal  with  the 
evidence  supplied  by  the  widespread  plications  and  overthrusts  that  the  earth’s  crust  has 
undergone  shrinkage  rather  than  expansion.  Hor  is  his  explanation  of  the  process  of 
eruption  quite  intelligible.  It  is  not  easy  to  understand  how  the  cooling  and  con¬ 
sequent  expansion  of  the  magma  below  Stromboli,  for  instance,  could  continue  for  many 
centuries  to  maintain  the  same  constant  condition  of  eruptivity. 

For  some  of  the  latest  views  regarding  the  nature  and  origin  of 
volcanic  action  we  are  indebted  to  Professor  Arrhenius  of  Stockholm, 
whose  observations  on  the  probable  condition  of  the  earth's  interior  have 
been  already  cited  (emte^  p.  72),  and  who,  bringing  the  results  of  modern 
physical  and  chemical  research  to  a  consideration  of  the  subject,  confirms 
what  has  been  the  growing  belief  on  the  part  of  geologists  in  regard  to  this 
part  of  their  science.  Insisting  on  the  enormous  energy  of  the  water- 
vapour  with  which,  at  temperatures  far  above  the  critical  point,  the 
magma  is  charged,  he  compares  the  process  of  the  ascent  and  explosive 
discharge  of  lava  and  fragmentary  materkls  in  a  volcanic  vent  to  the 
action  of  a  geyser.  At  a  depth  of  540  metres  the  vapour  in  the 
magma  must  press  upward  through  the  molten  mass  in  gas  hubbies, 
and  as  it  escapes,  the  column  of  liquid  is  forced  upward,  sometimes 

^  He  terms  this  process  “  Panzeruiig,”  coveriug  witli  a  coat  of  mail. 


356 


DYNAMICAL  GEOLOGY 


BOOK  TIE  PART  I 


even  with  explosive  violence.  At  the  end  of  the  eruption  all  the 
water  in  the  lava  column  must  again  be  in  equilibrium  down  to  that 
depth,  and  if  no  other  agency  intervened  the  molten  rock  would  gradu¬ 
ally  cool  and  stiffen,  so  that  no  further  discharge  would  take  place  in 
that  funnel.  But  observation  shows  that  eruj)tions  may  continue  con¬ 
stant  at  the  same  spot  for  centuries  and,  as  at  Stromboli,  may  be  as 
frequent  as  those  of  geysers.  This  recurrence  and  persistence  would  not 
be  possible  unless  water  were  constantly  supplied  to  the  magma  below. 
This  water,  not  in  a  fluid  but  in  a  gaseous  state,  finds  its  way  down  to 
the  magma  and  is  absorbed  by  it  with  great  energy.  The  gaseous  water 
above  the  critical  temperature,  in  consequence  of  the  enormous  pressure 
(1000  atmospheres  at  10,000  metres  down)  beneath  the  surface,  may 
have  the  same  density  as  liquid  water,  probably  rather  less,  and  will 
press  into  the  magma.  We  must  conceive  of  the  sea-l)ottom  with  its 
joints,  fractures  and  capillaries  as  a  semi-permealde  membratie,  the  pores 
of  which  are  wide  enough  to  let  fluid  or  gaseous  water  pass  through. 

Moreover,  as  the  investigations  of  recent  years  have  shown,  we 
must  grant  to  the  water  entirely  different  properties  from  those  to 
which  we  are  accustomed  above  ground.  At  ordinary  temperatures 
water  is  a  very  weak  base  or  acid.  At  18°  it  is  about  one  hundred  times 
weaker  than  silicic  acid,  which  is  the  chief  acid  in  the  composition  of 
the  magma,  and  it  can  therefore  only  to  an  imperceptible  degree  abstract 
the  silicic  acid  from  the  scarcely  soluble  silicates.  But  by  increase  of 
temperature  the  relations  of  the  two  bodies  are  entirely  changed.  At 
about  300°  it  is  estimated  that  water  and  silicic  acid  are  aljout  ecpially 
strong,  but  that  at  1000°  water  is  some  eighty  times,  and  at  2000°  al)out 
three  hundred  times  stronger  than  that  acid.  Water  coining  in  contact 
with  a  viscous  magma  at  temperatures  between  1000°  and  2000°  will 
act  there  as  a  powerful  acid,  whereby  free  silicic  acid  and  liases  arise 
which,  by  mixture  with  the  unchanged  magma,  pass  into  acid  and  basic 
silicates,  while  the  addition  of  water  makes  the  compound  more  readily 
fluid  and  causes  it  to  swell  and  increase  in  volume.  The  magma  is  thus 
impelled  to  rise  in  the  volcanic  chimney,  and  in  its  ascent  is  there 
more  rapidly  cooled.  The  water,  in  consequence  of  the  diminution  of 
temperature,  becomes  an  increasingly  weaker  acid,  and  large  quantities 
of  it  are  expelled  by  the  silicic  acid  from  the  hydrates ;  the  pressure  of 
the  vapour  rises  in  spite  of  the  decrease  of  temperature,  and  if  the 
water-charged  top  of  the  magma-column  comes  near  enough  to  the 
surface,  explosions  of  steam  break  their  way  out  above  ground.  It  may 
be  conjectured  that  even  an  earlier  separation  of  the  strongly  condensed 
water  may  take  place,  and  that  by  reason  of  its  lower  density  it  rises 
to  the  surface  and  passes  with  violence  into  steam.  At  all  events, 
such  a  separation  of  solutions  in  two  difterent  parts  with  a  falling 
temperature  is  an  ordinary  occurrence. 

The  similarity  of  the  funnel  of  a  volcano  to  that  of  a  geyser  is, 
according  to  this  view,  tolerably  close.  In  'both  cases  it  is  water  that 
plays  the  chief  part  in  eruption,  though  in  that  of  the  volcano  the  water 
is  for  the  most  part  in  chemical  combination.  M  hen  the  pressure  of 
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.vater- vapour  below  overcomes  that  of  the  overlying  column,  an 
sioti  takes  place,  followed  in  the  volcanic  funnel  by  the  clearing  out 
le  ci*ater  and  throat  of  the  volcano,  and  by  further  explosions 
querit  on  the  clearance  thus  effected.  This  process  continues  until 
^  the  water  has  cooled  down  sufficiently  not  to  be  able  to 

y  more  water-vapour  of  the  requisite  tension,  and  in  the  volcanic 
d  until  so  much  water  is  given  off  from  the  magma  that  the 
are  of  what  remains  cannot  overcome  the  overlying  pressure.  After 
•  enough  has  once  more  found  its  way  into  the  magma  the  operation 
icwecl. 

^hen  a  volcanic  chimney  is  wide,  the  cooling  of  the  magma  plays 
re  extraordinary  part  in  the  uprise  of  the  molten  mass.  Ko  violent 
'sioris  then  occur ;  only  on  the  surface  of  the  lava  there  goes  on  a 
of  Cj[uiet  simmering  or  sputtering  from  the  escape  of  steam.  This 
tion.  appears  in  the  great  outflows  from  Kilauea  and  the  Icelandic 
nic  fissures,  where  the  lava  flows  out  tranquilly  in  all  directions, 
as  water  would  do.^ 

V^hile  this  explanation  may  not  improbably  be  confirmed  by 
er  investigation,  and  be  found  to  be  applicable  to  most  forms  of 
nic  activity,  there  is  always  a  possibility  that  other  causes  which 
not  yet  been  suspected  may  eventually  be  discovered  to  co-operate 
le  pi'oduction  of  the  eruptive  phenomena  of  volcanoes.  For 
pie,  it  is  not  unreasonable  to  suppose  that  in  some  places  the 
ary  appearances  of  the  milder  phases  of  volcanic  action  may  be 
.atecl  hy  some  of  the  reactions  described  by  M.  Moissan  as  observable 
etallic  carbides  (tmte,  p.  270).  He  has  called  attention  to  the 
^carlooiis  associated  with  the  peperites  of  the  Limagne  in  Central 
30.  These  rocks  appear  in  many  cases  to  fill  actual  Amlcanic  vents 
lich  there  would  be  the  readiest  channels  of  communication  between 
nter-nal  magma  and  the  surface.  The  presence  of  asphaltum  and 
ral-oil  at  some  of  the  picijs  of  Auvergne  was  known  to  Guettard, 
)i‘igixial  discoverer  of  the  volcanic  origin  of  these  cones,  who  cited 
proof  that  volcanic  action  arises  from  the  combustion  of  bituminous 
dais  within  the  earth.^  A  recent  boring  at  Riom,  quoted  by  M. 
jan,  was  sunk  to  a  depth  of  1200  metres,  and  yielded  a  few  litres 
stroleum,  which  he  thinks  probably  came  from  the  action  of  water 
metallic  carbides  at  some  considerable  depth.-^  It  is  conceivable, 
rftei?  prolonged  volcanic  activity  and  the  consequent  evisceration  of 
tion  of  the  terrestrial  crust  a  passage  may  be  opened  for  the  descent 
iter  to  deeper  parts  of  the  magma,  where  metallic  carbides  may  be 
3d  together,  and  that  in  this  way  liquid  and  gaseous  hydrocarbons 
be  evolved.  The  oxidation  of  these  products  would  give  rise  to 
nic  acid  gas,  which,  as  we  have  seen,  is  a  common  sign  of  the  last 
s  of  volcanic  action. 

i.  Ai'rlieiiius  in  the  ])aper  already  quoted  on  p.  72,  from  which  tliis  brief  digest  of  his 
-s  talceii. 

\c(ul.  liaycde  des  Sciaices,  1756,  p.  52. 

'^roc.  Hoy.  *^oc.  lx.  (1897),  p.  156. 
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Some  interesting  observations  made  by  Professor  Issel  at  Xante  afford  some  sn})port 
to  the  suggestion  that  volcanic  phenomena  of  at  least  a  mild  type  may  be  produced  in 
connection^ with  the  evolution  of  hydrocarbons.  In  the  southern  part  of  that  Ginek 
island  bituminous  springs  have  been  known  from  the  time  of  Herodotus,  who  describes 
them.  The  place  has  also  long  been  noted  for  its  earthquakes,  which  have  sometimes 
caused  great  damage,  as  happened  in  the  winter  and  spring  of  1893.  The  cllects  and 
causes  of  these  movements  were  studied  by  M.  Issel  in  association  with  M.  Agamennone, 
who  published  an  account  of  their  observations.^  About  the  beginning  of  1895  the 
vibrations  of  the  ground  after  a  period  of  comparative  quiet  became  more  violent,  and 
culminated  in  a  violent  shock  with  a  detonation  like  the  discharge  of  cannon  and  an 
outrush  of  yellow  flames  from  the  larger  of  the  two  bituminous  basins.  After  a  lew 
days  of  repose  another  tolerably  strong  shaking  took  place,  and  a  column  of  water  and 
bitumen  rose  out  of  the  adjacent  sea,  which  remained  in  a  much  agitated  state,  while 
quantities  of  blackish  scoriae  were  thrown  ashore.  From  the  evidence  he  could  collect,  M. 
Issel  believed  that  the  following  conclusions  might  be  legitimately  drawn.  Each  of  two 
bituminous  springs,  one  subaerial  the  other  submarine,  displayed  at  a  short  interval  of  time 
a  small  eruptive  paroxysm.  This  paroxysm  presented  igneous  phenomena,  with  the  pro¬ 
jection  of  aeriform,  liquid,  viscous  and  perhaps  even  solid  materials,  and  was  acconijianicd 
with  a  re-awakening  of  the  local  seismic  activity.  According  to  all  appearance,  tlie  sub¬ 
stances  ejected  from  the  submarine  orifice  included  scoriaceous  material,  which  bore  evident 
signs  of  igneous  fusion  and  resembled  certain  secondary  products  of  metamorpbisni.- 

In  concluding  this  section  we  may  note  the  interest  attaching  to  any 
connection  that  could  be  demonstrated  between  volcanic  action  and  the 
occurrence  of  movements  in  the  crust  of  the  globe — for  example,  between 
some  of  the  great  orographic  plications  and  displacements  and  the  out¬ 
break  of  volcanic  activity,  either  from  single  volcanoes  or  from  fissure 
eruptions.  Perhaps  the  most  striking  instance  of  an  apparent  connection 
between  such  terrestrial  disturbances  and  eruptive  phenomena  is  that 
supplied  by  the  great  volcanic  semicircle  that  sweeps  from  Central  France 
by  the  Eifel,  Hochgau  and  Bohemia  into  Hungary,  and  which  has  been 
referred  to  the  dislocations  consequent  on  the  upheaval  of  the  Alps.*^  It 
is  possible  that  some  similar  relation  may  yet  be  traced  between  the  vast 
basalt-plateaux  of  the  north-west  of  Europe  and  the  marked  plications 
and  overthrust  which  occurred  in  that  region  in  older  Tertiary  time.  In 
like  manner  we  may  inquire  whether  the  still  more  widespread  lavas  of 
the  western  United  States  had  any  connection  with  the  Tertiary  orogenic 
movements  which  affected  that  part  of  the  continent. 

Section  ii.  Earthquakes.^ 

By  the  more  delicate  methods  of  observation  which  have  been 
invented  in  recent  years,  it  has  been  ascertained  that  the  ground  beneath 

^  “Intorno  ai  fenomeni  sismici  osservati  nelT  Isola  (Ii  Xante  durante  il  1893,”  Ann.  Uff. 
Oentr.  Meteor.  Geodyn.  xv.  (1894),  part  i. 

Atti  Sqc.  Liyust.  Sci.  Nat.  Geogr.  vii.  (1896),  fasc.  i.  Compare  the  accounts  of  tlie 
eruptive  action  of  tlie  salinella  of  Paterno  in  Sicily,  Bull.  Vulcanlsni.  Hal.  aim.  v.  (1878). 

3  Suess,  ‘Antlitz  der  Erde,’  1.  p.  358,  Plate  iff.  ;  Julien,  Annuaire  du  Cluh  Alppi, 
1879-80,  p.  446  ;  Micbel-Levy,  Bull.  Soc.  Qtol.  France,  xviii,  (1890),  pp^  690,  841. 

^  To  the  discussion  of  the  phenomena  of  Seismology  a  voluminous  literature  has  been 
devoted.  The  following  general  works  of  reference  on  the  subject  may  be  cited  Mallet, 
Brit.  A550C.  1847,  part  ii.  p.  30  ;  1850,  p.  1  ;  1851.  p.  272  ;  1852,  p.  1  ;  1858,  p.  1  ; 
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our  feet  is  apparently  everywhere  subject  to  continual  slight  tremors  and 
to  minute  pulsations  of  longer  duration.  The  old  expression  “terra 
firma  ”  is  not  only  not  strictly  true,  but  in  the  light  of  modern  research 
seems  singularly  inappropriate.  Eapid  changes  of  temperature  and 
atmospheric  pressure,  the  fall  of  a  shower  of  rain,  the  patter  of  birds’  feet, 

1861,  p.  201  ;  ‘The  Great  Neapolitan  Earthquake  of  1857,’  2  vols.  1862  ;  A.  Perrey,  Mern. 
Couronn,  Bruxelles^  xviii.  (1844),  Co7aptes ‘rendus ,  lii.  p.  146;  R.  Falb,  ‘Griindzuge  eiiier 
Theorie  der  Erdbehen  iind  Vulkaiiensausbruche,’  Graz,  1871  ;  ‘Gedauken  und  Studien  liber 
den  Viilkanismus,  &c.,’  1874  ;  Pfaflf,  ‘  Allgemeine  Geologie  als  exacte  Wisseuschaft,’  Leipzig, 
1873,  p.  224  ;  Schmidt,  ‘Studien  liber  Erdbehen,’  2iid  edit.  1879  ;  ‘Studien  iiber  Vulkane 
iixid  Erdbehen,’  1881;  Lieffenbach,  Nenes  Jalirh.  1872,  p.  155;  M.  S.  di  Rossi,  ‘La 
Meteorologia  Endogena,’  2  vols.  1879  and  1882;  J.  Milne,  ‘Earthquakes  and  other  Earth - 
niovenients,’  Ijit&rnat.  Sci.  Series  (contains  a  bibliography  of  the  subject),  4th  edit.  1898  ; 
‘Seismology,’  ihid.  1898.  Special  papers  will  be  referred  to  in  subsequent  pages.  Earth¬ 
quake  Committees  have  been  formed  in  different  countries  for  the  study  and  record  of 
earthquake  phenomena,  and  some  of  them  have  published  valuable  reports.  Among  these 
are  the  Seismological  Committee  of  the  British  Association,  which  has  issued  an  animal  report 
since  1895,  besides  a  series  of  circulars.  The  “Erdbehen  Commission”  of  the  Aeailemy 
of  Sciences  of  Vienna  had  published  twenty-one  reports  up  to  the  end  of  1879,  and  there¬ 
after  commenced  to  issue  a  new  series.  Still  earlier  the  Socictc  Helvctique  des  Sciences 
Naturelles  appointed  a  Committee  for  the  study  of  earthquakes,  which  are  of  such  freqxient 
occurrence  in  Switzerland.  In  Japan  also  the  enlightened  Government  of  that  country 
organised  an  Earthquake  Investigation  Committee  in  1892,  the  way  for  which  had  been 
jirepared  by  the  active  and  well -organised  Seismological  Society  of  Japan.  The  publications 
of  the  various  national  Committees  contain  not  only  records  of  earthquakes,  hut  many  dis¬ 
cussions  of  theoretical  questions  in  seismology,  and  therefore  deserve  the  attention  of  the 
student.  As  samples  of  the  records  of  local  earthquakes,  the  following  list  may  suffice  : — 

British  Isles. — D.  Milne  [Home],  Edin.  New  Phil.  Jcnirn.  xxxi.-xxxvi.  ;  Mallet’s  Report 
in  Brit.  Assoc,  cited  above  ;  J.  P.  O’Reilly,  Trans.  Roy.  Irish  Acrrd.  xxviii.  No.  xvii.  (1884) 
and  No.  xxii.  (1886)  ;  for  the  last  twelve  years  Mr.  Charles  Davison  has  collected  all  available 
information  regarding  British  earthquakes,  and  has  published  it  in  the  Q.  J.  G.  S.,  Geol.  May. 
and  Nature. 

Germany. — ‘Das  Mitteldeutsche  Erdbehen  vom  6  Marzl872,’  K.  von  Seebacli,  Leipzig, 
1873  ;  ‘Das  Erdb.  Agram,  9th  Nov.  1880’ ;  E.  G.  Harhoe  in  Gerland's  Beitraye  zitr  Geophysih, 
iv.  (1900),  p.  406  ;  v.  (1901),  pp.  206-238  ;  G.  Gerland,  op.  ciL  iv.  p.  427  ;  v.  (1901),  pp.  i-xvi  ; 
E.  Rudolph,  op.  cit.  v.  pp.  1-169;  Fuchs,  i\>/»cs  Jalirh.  1865-71;  ‘Erzgehirg.  Vogtland. 
Erdb.’  1876-84  ;  H.  Credner,  Zeltsch.  Naturwissen.  Ivii.  (1884)  ;  Erdb.  26th  Dec. 
1888,  Bericht  K  Sachs.  Ges.  Wisseyi.  February  1889  ;  July  and  August  1900,  op.  cit. 
Nov.  1900  ;  Dr.  E.  von  Rebeur-Pascliwitz  {Oerla7uVs  Beitrlige  zvr  Geophysih,  ii.  1895,  pp. 
211-536)  gives  a  voluminous  discussion  of  earthquake  observations  at  different  observatories 
in  1892-94. 

Austria. — Reports  of  the  “Erdbehen  Commission”  above  referred  to  ;  also  F.  E.  Suess, 
“ Neulengbach,  28th  January  1895,”  Jahrh.  Geol.  lieichsansf.  1895,  p.  77  ;  “Laibach,  14tli 
April  1895,”  op.  cit.  1897,  pp.  411-614  ;  Tschermalds  Min.  Mitth.  1873  and  subsequent 
years. 

Itcdy. — Mercalli,  in  ‘Vulcani  e  fenomeni  vulcanici  in  Italia,’  gives  an  account  of 
Italian  earthquakes  from  1450  b.o.  to  1881  a.d.  ;  also  a  description  of  the  great  earthquake 
of ,  1883  in  his  ‘  Isola  d’Ischia,’  Milan,  1884.  The  effects  of  the  Ischiaii  earthquake  were 
also  described  in  an  official  report  published  by  the  Ministry  of  Public  Works,  Rome  1883. 
See  also  the  Bollettino  del  Vulca^nsmo  Italiano^  begun  in  1874  ;  and  the  BoUettino  della 
Societob  Sis7iiologica  Italiana. 

Spain  and  Portugal. — F.  de  Montessus  de  Ballore,  “  La  Peninsula  Iberica  Seismica,” 
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and  still  more  the  tread  of  larger  animals,  prodiice  tremors  of  th^* 
which,  though  exceedingly  minute,  are  capable  of  being  mad^^* 
audible  by  means  of  the  microphone  and  visible  by  means  of  the 
meter.  Some  tremors  of  varying  intensity,  and  apparently  of  i  *  ^ 
occurrence,  may  be  due  to  minute  movements  or  displacement^” 
crust  of  the  earth.  Less  easily  traceable  are  the  slow  pulsation^ 
crust,  which  in  many  cases  are  periodic,  and  may  depend  on  su<*  ^  * 
as  the  diurnal  oscillation  of  the  thermal  or  barometric  conditioi » 
atmosphere,  the  rise  and  fall  of  the  tides,  &c.  So  numerous 
marked  are  these  tremors  and  pulsations,  that  the  delicate  obst*^ 
which  were  set  on  foot  to  determine  the  lunar  disturbance  of  gvn  ^  ^ 
to  be  abandoned,  for  it  was  found  that  the  minute  movements  s(  >  *  ^  N 
were  wholly  eclipsed  by  these  earth  tremors.^ 

The  term  Earthquake  denotes  any  natural  subterranean  coU*  ^ 
varying  from  ti^emors  so  slight  as  “thFe  hardly  perceptible  np*t^* 
shocks,  by  which  houses  are  levelled,  rocks  dislocated,  landslips  I  ‘ 
tated,  and  many  human  lives  destroyed.  The  phenomena  are  ai  *  * 
to  the  shock  communicated  to  the  ground  by  explosions  of 
powder- works.  They  may  be  most  intelligibly  considered  as 

undulations  propagated  through  the  solid  crust  of  the  earth.  Th<  *  ' 

of  earthquake -motion,  however,  is  somewhat  complex.  Mallet  *  ' 
it  as  ‘Hhe  transit  of  a  wave  of  elastic  compression,  or  of  a  su^  '> 
of  these,  in  parallel  or  intersecting  lines  through  the  solid  s!  i  ^ " 
and  surface  of  the  disturbed  country.”  Mr.  Milne  has  shown  i  L 
disturbance  may  also  be  due  to  the  transit  of  waves  of  elastic  di^^  f 
He  points  out  that  at  least  three  kinds  of  movements  may  be  ol  f’-- 
having  different  velocities  of  propagation — an  undulatory  motioi  t  ^ 
surface  of  the  earth,  elastic  waves  travelling  from  the  centre  of  hIs  " 

Ann.  Soc.  Es2Mn.  Hist.  Xat.  tome  iii.  (1894);  “^Itudes  relatives  an  treinbleiiieii  t 
du  25  Dec.  1884,”  Foiiqiu',  kc.,  Mem.  Acad.  Hci.  Paris,  tome  xxx.  (1889),  |  *1 

C.  Barroia^  2fem.  Soc.  Sci.  Lille,  xiv.  (1885). 

Scandinacia. — For  many  years  past  E.  Svedin ark  lias  cliroiiicled  eveiy  year  tli*» 
earthquakes  in  the  volumes  of  the  GeoL  Foren.  Stockholm  FUrhandl. 

United  States. — The  Californian  earthquakes  have  been  registered  since  1889  in  t  b 
U.  S.  (Pol.  Survei/.  The  earthquakes  on  the  Pacific  coast  from  1769  to  1897  - 

catalogued  by  E.  8.  Holden,  Smithson.  Misc.  Coll.  No.  1087  (1898).  Earthquakes  «  »f 
magnitude,  such  as  that  of  Charleston  in  1886,  have  been  the  subject  of  .se])arate  ac >  - 

Ja^tan. — The  Tra.nsactions  of  the  Seisnwlogical  Society  of  Japan  are  a  stor#*l.-.. 
information  in  regard  to  the  seismology  of  that  country.  A  general  index  to  the.s*- 
and  to  the  Seismological  Jonrnal  of  Japan  (of  which  eight  volumes  have  appeat  #  ' 
1902)  will  be  found  at  the  end  of  Mr.  Milne’s  ‘Seismology.’  References  to  special  ?  - 
on  some  Japanese  earthquakes  will  be  given  in  subsequent  pages. 

^  A.  d’Ahbadie,  ‘  ^Itudes  sur  la  Verticale,’  1872.  Plantamour,  Ginnptes  rend.  J  ii 
February  1881  ;  Archives  Sciences  Phys.  Fat.  Geneva,  ii.  p.  641  ;  v.  p.  97  ;  vii.  | 
viiL  p.  551  ;  x.  p.  616  ;  xii.  (1884),  p.  388.  G.  H.  Darwin,  Brit,  xissoc.  1882,  |t 
this  paper  Professor  Darwin  discusses  the  amount  of  disturbance  of  the  vertical  s., . 
coasts  of  continents,  caused  by  the  rise  and  fall  of  the  tide.  J.  Milne,  Trans.  . 
Japan,  vi.  (1883),  p.  1  ;  OeoL  Mag..  1882,  p.  482  ;  Nature,  xxvi.  p.  125  ;  ‘Sei.^fi. 
pp.  266,  %I2.  The  essay  by  S.  Gunther,  quoted  on  p.  364.  The  numerous  ohservatir  , 
by  Rossi  in  Italy  are  summarised  by  G.  Mercalli  in  his  work  died  above,  p.  332. 
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various  points  upon  that  surface,  and  instantaneous  disturbance  or  an 
apparent  high  velocity  due  to  bodily  displacement  at  the  centre  or  within 
ui  ‘‘earthquake  core’’  and  the  transmission  of  elastic  or  quasi-elastic 
vdbrations  or  to  a  combination  of  such  phenomenal 

Besides  the  waves  transmitted  through  the  solid  crust,  others  are  also 
propagated  through  the  air  and  through  the  ocean.  Earthquakes  origin- 
xting  under  the  sea  are  believed  to  be  more  numerous  than  those  on  the 
land.  They  illustrate  well  the  three  kinds  of  waves  associated  with  the  pro¬ 
gress  of  an  earthquake.  These  are:  1st,  The  complex  earth-waves  through 
the  earth’s  crust ;  2nd,  a  wave  propagated  through  the  air,  to  which  the 
characteristic  sounds  of  rolling  waggons,  distant  thunder,  bellowing  oxen, 
&c.,  are  due  ;  ^  3rd,  two  sea-waves,  one  of  which  tiuvels  on  the  back  of 
the  earth-wave  and  reaches  the  land  with  it,  producing  no  sensible  effect 
on  shore ;  the  other  an  enormous  low  swell,  caused  by  the  first  sudden 
blow  of  the  earth-wave,  but  travelling  at  a  much  slower  rate,  and  reaching 
land  often  several  hours  after  the  earthquake  has  arrived. 

Rang*e  of  Earth-movements. — The  popular  conception  of  the  extent 
bo  which  the  ground  moves  to  and  fro  or  up  and  down  during  an  earth¬ 
quake  is  a  great  exaggeration  of  the  truth.  As  the  result  of  very  careful 
measurement  with  delicate  instruments,  there  appears  to  be  reason  to 
believe  that  the  range  of  the  horizontal  motion  or  distance  between  the 
limits  of  swing  at  the  time  of  a  small  earthquake  is  usually  only  the 
fraction  of  a  millimetre,  and  seldom  exceeds  three  or  four  millimetres. 
When  the  motion  rises  to  10  millimetres  it  is  dangerous,  while  if  it 
exceeds  20  it  is  certain  to  be  accompanied  by  the  shattering  of  chimneys 
and  other  forms  of  destruction.  In  a  severe  earthquake  at  Tokyo,  Japan, 
on  20th  June  1894,  the  range  of  motion  indicated  liy  the  instruments  was 
as  much  as  63  millimetres  (2|  inches),  and  in  that  of  1891  it  may  have 
been  as  much  as  nine  or  twelve  inches.  The  vertical  motion  also  appears 
to  be  exceedingly  small.  In  the  1894  earthquake  just  referred  to,  it 
amounted  only  to  10  millimetres  or  less  than  half  an  inchJ^ 

Velocity. — Experiments  have  been  made  to  determine  the  velocity 
of  the  earth- wave,  and  its  variation  with  the  nature  of  the  material 
through  which  it  is  propagated.  Mallet  found  that  the  shock  produced 
by  the  explosion  of  gunpowder  travelled  at  the  rate  per  second  of  825 
feet  in  sand;  1088  feet  in  schists,  slates,  and  quartzites;  1306  feet  in 
friable  granite;  and  1664  feet  in  solid  granite,  and  that  as  a  rule  the 
velocity  increased  with  the  force  of  the  initial  impulse.  General  Abbot, 
by  observing  the  effects  of  the  explosion  of  dynamite  and  gunpowder, 
found  the  velocity  of  transmission  of  the  shock  to  vary  from  1240  to 
<8800  feet  per  second,  and  to  be  greatest  where  the  shock  is  most  violent.'^ 

^  ‘  Seismology,’  p.  119. 

^  Oil  the  nature  and  origin  of  earthquake  sounds,  see  C.  Davison,  OeoL  May.  1892,  p.  208  ; 
Phil.  Mag.  xlix.  (1900),  pp.  31-70. 

^  Milne,  ‘Seismology,’-  p.  78  et  mj.  An  ingenious  model  in  wire  has  been  made  l^y 
Professor  Sekiya  to  illustrate  the  highly  com})lex  path  pursued  by  a  particle  on  the  surface 
of  the  ground  during  an  earthquake  at  Tokio,  Japan,  on  I5tli  January  1887. 

Amer.  .hmrn,  Sci.  xv.  (4678).  Profes.sor  J.  Milne,  experimenting  in  Japan,  has  likewise 
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Professor  FouqiR^  and  M.  Michel-L6vy  conducted  a  series  of  experiments 
in  France  by  explosions  in  deep  mines,  so  as  to  measure  the  velocity  from 
these  depths  to  the  surface.  They  ascertained  that  in  granite  (surface) 
the  speed  ranged  from  2450  to  3141  metres  per  second;  in  coal-measures 
from  underground  to  the  surface,  it  was  from  2000  to  2526  ;  in  Permian 
sandstones  less  compact,  1190;  in  Cambrian  limestone,  632;  and  in 
Fontainebleau  sandstone  about  300.^ 

Observations  of  the  time  at  which  an  earthquake  has  successively 
visited  the  different  places  on  its  track  have  shown  similar  variations  in 
the  rate  of  movement.  Thus  in  the  Calabrian  earthquake  of  1857  the 
wave  of  shock  varied  from  658  to  989  feet  per  second,  the  mean  rate 
being  789  feet.  The  earthquake  at  Yiege  in  1855  was  estimated  to  have 
travelled  northwards  towards  Strasburg  at  the  rate  of  2861  feet  per 
second,  and  southwards  towards  Turin  at  a  rate  of  1398  feet,  or  less  than 
half  the  northern  speed.  The  earthquake  of  7th  October  1874,  in 
Northern  Italy,  travelled  at  rates  varying  from  273  to  874  feet  per 
second.  That  of  12th  March  1873  showed  a  velocity  per  second  of  2734 
feet  between  Eagusa  and  Yenice;  4101  feet  from  Spoleto  to  Yenice; 
601  feet  from  Perugia  to  Orvieto ;  1640  feet  from  Perugia  to  Ancona; 
and  1640  (or  2188)  feet  from  Perugia  to  Eome.  The  rate  of  the  Central 
European  earthquake  of  1872  was  estimated  to  have  been  2433  feet; 
that  of  Herzogenrath,  24th  June  1877,  1555  feet;  that  of  an  earthquake 
at  Travancore,  in  Southern  Hindustan,  656  feet  in  a  second.^  The  most 
accurate  measurements  and  computations  of  the  velocity  of  earthquake 
movements  are  probably  those  that  have  been  made  in  Japan.  On  9th 
and  11th  December  1891  the  mean  velocity  was  determined  to  be  2’31 
kilometres  (about  1|-  English  mile)  per  second.  .  In  the  destructive  earth¬ 
quake  of  28th  October  1891  the  average  rate  was  2*40  kilometres.  The 
same  disturbance  was  felt  in  Europe ;  it  appears  to  have  travelled  to 
Shanghai  at  the  rate  of  1*61  and  to  Berlin  at  that  of  2*98  kilometres  per 
second.  As  the  result  of  prolonged  observation,  Professor  Milne  concludes 
that  ^‘different  earthquakes,  although  they  may  travel  across  the  same 
country,  have  very  variable  velocities,  varying  between  several  hundreds 
and  several  thousands  of  feet  per  second;  and  that  the  greater  the  intensity 
of  the  shock,  the  greater  is  the  velocity.”  ^ 

ascertained  that  a  close  relation  exists  between  the  initial  violence  of  the  shock  and  the 
velocity  of  propagation,  and  that  ther6  is  a  progressive  diminution  in  speed  as  the  wave  of 
shock  travels  outward  from  the  centre  of  disturbance.  Proc.  Hoy.  Soc.  1881  ;  Phi/,  Mag. 
1881  ;  Phil,  Trans.  1882. 

^  Mhmires  Acad.  Sci.  Inst.  Frame,  tome  xxx.  (1889),  p.  77. 

2  K.  von  Seebach,  ‘Das  Mitteldeutache  Erdbeben  vom  6  Marz  1872,’  Leipzig,  1873. 
Hofer,  Bitzh.  Akad.  Wkn,  Dec.  1876.  A.  von  Lasaulx,  ‘Das  Erdbeben  von  Herzogenrath, 
22nd  Oct.  1873,’  Bonn,  1874  ;  ‘Das  Erdbeben  von  Herzogenrath,  24  Juni  1877,’  Bonn, 
1878.  Gr.  0.  Laube  on  Earthquake  of  31st  January  1883,  at  Trautenau,  Jalirh.  Geol.  Rewhs. 
1883,  p.  331.  H.  Credner  on  the  Earthquakes  of  the  Erzgebirge  and  Vogtland  from  1878 
to  1884,  Zeitsch.  fur  Natunoiss.  vol.  Ivii.  (1884).  F.  Wahner  on  Agrani  Earthquake  of  9th 
'Nov.  1880,  Sitz.  Akad.  Wien.,  Ixxxviii.  (1883),  p.  15.  Di  Rossi,  ‘  Meteorologia  Endogena,’ 
i.  if  306.  P.  Serineri,  Instituto  Lombardo,  1873. 

^  ‘Seismology,’  p.  110  et  seq.  ‘Earthquakes,’  p.  94. 
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During  the  last  ten  years  seismological  self-registering  instruments 
have  been  set  up  at  many  widely  separated  stations  all  over  the  world, 
and  the  time  of  arrival  of  earthquake  waves  is  thus  accurately  recorded. 
In  the  computations  to  ascertain  the  centre  of  origin  from  which  these 
waves  have  travelled,  it  is  necessary  in  the  meantime  to  assume  that  the 
velocity  of  their  propagation  is  constant,  and  the  most  probable  rate  has 
been  taken  to  be  1°*6  per  minute  or  approximately  three  kilometres  (9840 
feet)  per  second.^  Recent  observations,  however,  have  shown  the  velocity 
to  increase  with  distance  from  the  centre  of  origin,  and  that  for  great 
distances  it  is  higher  than  might  be  expected  for  waves  of  compression 
through  a  mass  of  glass  or  steel ;  moreover,  at  any  observing  station  only 
one  disturbance  is  recorded  and  not  two,  which  would  be  the  case  if  the 
waves  passed  round  the  earth,  whence  it  has  been  inferred  that  “the 
movements  due  to  large  earthquakes  are  partly  at  least  propagated 
through  the  world  ”  ^  {postea,  p.  371). 

Duration. — The  number  of  shocks  in  an  earthquake  varies  indefinitely, 
as  well  as  the  length  of  the  intervals  between  them.  Sometimes  the 
whole  earthquake  only  lasts  a  few  seconds  :  thus  the  city  of  Caracas,  with 
its  fine  churches  and  10,000  of  its  inhabitants,  was  destroyed  in  about 
half  a  minute ;  Lisbon  was  overthrown  in  five  minutes.  “  The  average 
duration  of  250  earthquakes  of  moderate  intensity  recorded  by  instruments 
in  Tokyo  between  1885  and  1891  was  118  seconds.  Seven  of  these, 
which  were  strong,  were  recorded  over  periods  the  average  of  which  was 
six  minutes  thirteen  seconds.”^  But  a  succession  of  shocks  of  varying 
intensity  may  continue  for  days,  weeks,  or  months.  The  Calabrian 
earthquake,  which  began  in  February  1783,  was  continued  by  repeated 
shocks  for  nearly  four  years  until  the  end  of  1786. 

Frequency. — Different  earthquake  regions  vary  greatly  in  the  length 
of  time- intervals  between  the  successive  shocks.  Some  are  specially 
sensitive,  being  shaken  at  frequent  intervals  by  earthquakes  of  varying 
degrees  of  intensity.  Japan  is  one  of  the  most  signal  examples  of  such 
sensitiveness.  Thus  during  the  years  1885  to  1890  there  was  a  gradually 
increasing  number  of  shocks,  which  at  last  numbered  rather  more  than  sixty 
per  annum,  leading  up  to  the  great  catastrophe  of  28th  October  in  the 
latter  year.  After  that  disastrous  event  1132  shocks  were  recorded  in 
the  first  ten  days,  and  in  the  ensuing  two  years  they  numbered  no  fewer 
than  3364.  Even  in  a  region  where  no 'severe  earthquake  has  ever  been 
felt  within  the  times  of  history,  frequent  minor  shocks  may  take  place. 
At  Comrie,  in  Perthshire,  for  instance,  which  is  the  most  sensitive  seismic 
district  in  Britain,  twelve  earthquakes  occurred  within  the  month  of 
January  1844. 

Periodicity. — Attempts  have  been  made  with  more  or  less  success  to 
connect  seismic  disturbances  with  different  external  influences.  One  of 
these,  to  which  importance  has  been  attached  by  some  writers,  is  that  of 
the  moon ;  but  the  latest  re-examination  of  earthquake  lists  has  shown 
that  little  reliance  can  be  placed  on  the  deductions  which  have  been 

^  Fifth  Report  of  Seismological  Investigations,”  Brit.  Assoc.  1900. 

Miln'e,  ‘Seismology,'  p.  113.  cit.  p.  93. 
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drawn  in  favour  of  lunar  effects,  seeing  that  the  terrestrial  disturbances 
have  l)een  equally  frequent  during  each  of  the  lunar  periods^  More 
success  has  attended  the  endeavour  to  trace  a  relation  between  earth¬ 
quakes  and  the  succession  of  the  seasons.  An  annual  maximum  and 
minimum  has  been  observed,  earthquakes  occurring  most  frequently  in 
winter,  and  least  frequently  in  summer.^  Out  of  656  earthquakes 
chronicled  in  France  up  to  the  year  1845,  three-fifths  took  place  in  the 
winter,  and  two-fifths  in  the  summer  months.  In  Switzerland  they  have 
been  observed  to  be  about  three  times  more  numerous  in  winter  than  in 
summer.  The  same  fact  is  remarked  in  the  history  even  of  the  slight 
earthquakes  in  Britain,  and  the  law  appears  to  hold  in  the  southern  as 
well  as  the  northern  hemisphere,  the  maximum  number  of  shocks  occurring 
in  the  one  during  the  time  when  the  minimum  takes  place  in  the  other. 
This  annual  periodicity  is  attributed  by  l)r.  Cargill  Knott  to  long-continued 
stresses  over  large  areas  caused  by  barometric  pressures  and  accumulations 
of  snow.’^  No  marked  difference  has  been  detected  in  Japan  between  the 
number  of  earthquakes  that  take  place  by  day  and  of  those  by  night, 
but  there  appears  to  be  a  maximum  and  minimum  during  each  twenty- 
four  hours,  which  is  best  marked  during  the  winter  months.  The 
maximum  which  begins  at  midnight  in  January  grows  later  until  July, 
when  it  reaches  midday,  while  from  July  to  December  the  time  of 
minimum  becomes  correspondingly  earlier.*^ 

Modifying  influence  of  Geological  Structure.  — In  its  passage 
through  the  solid  terrestrial  crust  from  the  focus  of  origin,  the  earth- 
wave  must  be  liable  to  continual  deflections  and  delays,  from  the  varying 
geological  structure  of  the  rocks.  To  this  cause,  no  doubt,  must  be  in 
large  measure  ascribed  the  marked  differences  in  the  rate  of  propagation 
of  the  same  earthquake  in  different  directions.  The  wave  of  disturbance, 
as  it  passes  from  one  kind  of  rock  to  another,  and  encounters  materials 
of  very  different  elasticity,  ’  or  as  it  meets  with  joints,  dislocations,  and 
curvatures  in  the  same  rock,  must  be  liable  to  manifold  changes  alike  in 
rate  and  in  direction  of  movement.  Even  at  the  surface,  one  effect  of 
differences  of  material  may  be  seen  in  the  apparently  capricious  demo¬ 
lition  of  certain  quarters  of  a  city,  while  others  are  left  comparatively 
scatheless.  In  such  cases,  it  has  often  been  found  that  buildings  erected 
on  loose  inelastic  foundations,  such  as  low  ground  overlying  soft  sand 
and  clay,  are  more  liable  to  destruction  than  those  placed  upon  solid 
rock,  especially  where  high  and  hard.  In  illustration  of  this  statement 
the  accompanying  plan  (Fig.  71)  of  Port  Eoyal,  Jamaica,  was  given  by 

^  Dr.  Knott,  however,  believes  that  as  the  maximum  frequency  of  earthquakes  falls  near 
the  time  of  perigee  it  may  be  connected  with  the  moon’s  distance.  Mr.  Oldham  also  thinks 
that  a  maximum  frequency  of  earthquakes  may  he  observed  at  the  time  of  passage  of  the 
circle  of  maximum  horizontal  tide-producing  force.  Geol.  Mag.  1901,  p.  451. 

^  See  the  works  of  Perrey  cited  on  p.  359.  Schmidt,  ‘  Studien  liber  Erdbebeii,’  2ud  edit. 
(1879). 

^  Proc.  Ihiy.  Soc.  lx.  (1897).  See  S.  Giintber  {GerlancVs  Beitfdge  zur  Phyaik,  ii.  (1895), 
pp.  71-152)  for  a  discussion  of  the  influence  of  atmospheric  pressure  on  the  production  of 
microseismic  and  other  movements  of  the  crust.  Milne,  ‘Seismology,’  p.  217. 
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De  la  Beche  ^  to  show  that  the  portions  of  the  town  which  did  not  dis¬ 
appear  during  the  earthquake  of  1692  were  built  upon  solid  white 
limestone,  while  the  parts  built  on  sand  were  shaken  to  pieces.-  The 
same  conditions  are  strikingly  exemplified  in  the  city  of  Tokyo,  Japan. 

It  has  been  observed  that  an  earthquake  shock  will  pass  under  a 
limited  area  without  disturbing  it,  while  the  region  all  around  has  been 
affected,  as  if  there  were  some  superficial  stratum  protected  from  the 
earth-wave.  Humboldt  cited  a  case  where  miners  were  driven  up  from 
below  ground  by  earthquake  shocks  not  perceptible  at  the  surface ;  and  on 
the  other  hand,  an  instance  where  they  experienced  no  sensation  of  an 
earthquake  which  shook  the  surface  with  considerable  violence.^  Such 


Pig.  71. — Plan  of  Port  Royal,  Jamaica,  sliowing’tlie  etlects  of  tlm  Eartlninake  of  lGli2  (B.) 

P  C,  Portions  of  the  town  built  on  limestone  and  left  standing  after  the  eartluiiuike  ;  o  n,  L,  the  boundary 
of  the  town  prior  to  the  earthquake  ;  X  N,  ground  gained  by  the  drifting  of  sand  up  tcj  the  end  of 
last  century  ;  I  L  H,  additions  from  the  same  cause  during  the  first  quarter  of  tin*  present  century. 


facts  bring  impressively  before  the  mind  the  extent  to  which  the  course 
of  the  earth-wave  must  he  modified  hy  geological  structure.  In  some 
instances,  the  shock  extends  outwards  from  a  common  centre,  so  that  a 
series  of  concentric  circles  may  be  drawn  round  the  focus,  each  of  which 
will  denote  a  certain  approximately  uniform  intensity  of  shock  coseismic 
lines  ”  of  Mallet),  this  intensity,  of  course,  diminishing  with  distance  from 
the  focus.  The  Calabrian  earthquake  of  1857  and  that  of  Central  Europe 
in  1872  may  be  taken  in  illustration  of  this  central  type.  In  other 
cases,  however,  the  earthquake  travels  chiefly  along  a  certain  hand  or 
zone  (particularly  along  the  flanks  of  a  mountain  chain)  without  advanc¬ 
ing  far  from  it  laterally.  This  type  of  linear  earthquake  is  exemplified 
by  the  frequent  shocks  which  traverse  Chili,  Peru  and  Ecuador,  l)etween 
the  line  of  the  Andes  and  the  Pacific  coast.^ 

^  ‘Geological  Observer,’ p.  246. 

The  opposite  effect  has  been  observed  on  the  island  of  Ischia,  the  houses  built  on  loose 
subsoil  generally  having  suffered  much  less  than  the  others.  There  appears,  indeed,  to  he  a 
considerable  conflict  of  testimony  on  this  subject.  See  Milne,  ‘Earthquakes,’  p.  130. 

^  ‘  Cosmos,’  Art.  Earthquakes. 

For  a  list  of  Peruvian  earthquakes  from  a.d.  1570  to  1875,  see  (icegraqh.  Mug.  iv. 
(1877),  p.  206.  The  earthquake  of  9tli  May  1877  at  Iquique,  and  its  ocean- wave,  are  described 
l)y  E.  Geinitz,  Xom  Act.  Ac.  Cas.  Letgjold.  Car.  xl.  (1878),  pp.  383-444. 
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Extent  of  country  affected. — The  area  sensibly  shaken  by  an  earth¬ 
quake  varies  .  with  the  intensity  of  the  shock,  from  a  mere  local  tract 
where  a  slight  tremor  has  been  experienced,  up  to  such  catastrophes  as 
that  of  Lisbon  in  1755,  which,  besides  convulsing  the  Portuguese  coasts, 
extended  into  the  north  of  Africa  on  the  one  hand  and  to  Scandinavia 
on  the  other,  and  was  even  felt  as  far  as  the  east  of  North  America. 
Humboldt  computed  that  the  area  shaken  by  this  great  earthquake  was 
four  times  greater  than  that  of  the  whole  of  Europe.  The  South 
American  earthquakes  are  remarkable  for  the  great  distances  to  wliich 
their  effects  extend  in  a  linear  direction.  Thus  the  strip  of  country  in 
Peru  and  Ecuador  severely  shaken  by  the  earthquake  of  1868  had  a 
length  of  2000  miles.  The  great  Japanese  earthquake  of  28th  October 
1891  shook  an  area  of  243,055  square  kilometres,  or  more  than  60  per 
cent  of  the  whole  extent  of  the  empire  of  Japan,  an  area  equal  to  the 
British  Isles,  Holland  and  Denmark  put  together.^ 

But  far  beyond  the  regions  where  the  earthquake  movement  is 
perceptible  by  the  senses,  it  is  detected  and  recorded  by  seismometers. 
So  delicate  are  these  instruments  that  probably  no  earthquake  of  any 
consequence  can  now  take  place  without  being  recorded  by  them  even  on 
the  opposite  side  of  the  globe.  Thus  the  Assam  earthquake  of  12th 
June  1897  was  registered  by  great  disturbance  of  the  seismometers  at 
the  various  observing  stations,  even  as  far  as  Edinburgh,  a  distance  of 
nearly  8000  kilometres  (5000  English  miles)  from  the  centre  of  origin.'^ 
Depth  of  Source. — According  to  Mallet’s  observations,  over  the 
centre  of  origin  the  shock  is  felt  as  a  vertical  up-and-down  movement 
(Seismic  vertical) ;  while,  receding  from  this  centre  in  any  direction, 
it  is  felt  as  an  undulatory  movement,  and  comes  up  more  and  more 
obliquely.  The  angle  of  emergence,  as  he  termed  it,  was  obtained  by  him 
by  taking  the  mean  of  observations  of  the  rents  and  displacements  of 
walls  and  buildings.  In  Fig.  72,  for  example,  he  concluded  that  the  wall 
there  represented  had  been  rent  by  an  earthquake  which  emerged  to  the 
surface  in  the  path  marked  by  the  arrow.  The  reliance  that  can  be 
placed  on  this  method  is,  however,  not  always  very  great.^ 

By  such  observations  Mallet  estimated  the  approximate  depth  of 
origin  of  an  earthquake.  Let  Fig.  73,  for  example,  represent  a  portion 
of  the  earth’s  crust  in  which  at  a  an  earthquake  arises.  The  wave  of 
shock  will  travel  outwards  in  successive  spherical  shells.  At  the  point 
e  it  will  be  felt  as  a  vertical  movement,  and  loose  objects,  such  as  paving- 
stones,  may  be  jerked  up  into  the  air,  and  descend  bottom  uppermost  on 
their  previous  sites.  At  d,  however,  the  wave  will  emerge  at  a  lower 
angle,  and  will  give  rise  to  an  undulation  of  the  ground,  and  the  oscilla¬ 
tion  of  objects  projecting  above  the  surface.  In  rent  buildings,  the 
fissures  will  be  on  the  whole  perpendicular  to  the  path  of  emergence. 

^  B.  Koto,  Joiorn.  Coll.  Sci.  Japan,  vol.  v.  part  iv.  (1893),  p.  352.  Also  a  jjaper  by 
K.  D.  Oldham, On  the  Propagation  of  Earthquake-motion  to  G-reat  Distances,”  Lhil,  Trans. 
cxciv.,  A  (1900),  pp.  135-174. 

^  “Third  Report  on  Seismol.  Investig.”  Brit.  Assuc.  1898,  p.  205. 

^  Milne,  ‘Seismology,’  p.  195. 
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By  a  series  of  observations  made  at  different  points,  as  at  g  and  /,  a 
number  of  angles  are  obtained,  and  the  point  where  the  various  lines 
cut  the  vertical  {a)  will  mark  the  .area  of  origin  of  the  shock.  By  this 
means,  Mallet  computed  that  the  depth  at  which  the  impulse  of  the 
Calabrian  earthquake  of  1857  was  given  was  about  five  miles.  As  the 


Fig.  '72.— Wall  shattered  by  an  Earthquake,  of  which  the  “path  of  emergence”  lias  been  in  the 
direction  shown  by  the  arrow.  (After  Mallet.) 

general  result  of  his  inquiries,  he  concluded  that,  on  the  whole,  the  origin 
of  earthquakes  must  be  sought  in  comparatively  superficial  parts  of  the 
crust,  probably  never  exceeding  a  depth  of  30  geographical  miles. 
Following  another  method  of  calculation,  Yon  Seebach  computed  that 
the  earthquake  which  affected  Central  Europe  in  1872  originated  at  a 
depth  of  9*6  geographical  miles;  that  of  Belluno  in  the  same  year  was 
estimated  by  Hofer  to  have  had  its  source  rather  more  than  4  miles  deep ; 


Fig.  '73. — Mallet’s  mode  of  estimation  of  deiitli  of  .source  of  Earthquake  niovenients. 


while  that  of  Herzogenrath  in  1873  was  placed  by  Yon  Lasaulx  at  a 
depth  of  about  14|-  miles,  and  that  of  1877  in  the  same  region  at  about 
14  miles.  ^ 

Seat  of  Origin, — There  appears  now  to  be  no  reason  to  doubt  that 
the  great  majority  of  earthquakes  originate  under  the  sea.-  The 
submarine  tracts  more  specially  liable  to  them  lie  along  the  bases  of  the 
^  See  papers  by  Hofer  and  A.  von  Lasaulx,  cited  on  p.  362.  For  an  account  of  the 
various  methods  employed  in  estimating  the  depth  of  origin  of  earthquakes,  see  Milne’s 
'“Earthquakes,’  chapters  x.  aud  xi.  Consult  also  the  Trans.  Seisynolog.  JSoc.  Japan. 

2  The  phenomena  of  submarine  earthquakes  are  discussed  by  Kudolph  in  his  papers  cited 
ante,  p.  332. 
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steep  declivities  of  the  continental  areas.  Such  a  line  of  distui’bance,  for 
example,  lies  out  at  sea  along  the  eastern  coast  of  Japan,  where  the  sea- 
bottom  plunges  clown  into  the  great  abyss  of  the  Tuscarora  Deep,  the 
bottom  of  which  lies  more  than  24,000  feet  below  the  sea-level;  and  it  is 
from  that  line  that  most  of  the  earthquakes,  which  are  so  numerous  and 
often  so  disastrous,  arrive  in  Japan.  Thus  the  seat  of  the  destructive 
earthquake  of  15th  June  1896  was  situated  near  the  foot  of  the  western 
slope  of  that  vast  depression  at  a  depth  of  4000  fathoms,  and  not  at  a 
point  but  along  a  line  of  considerable  length.  Another  similar  line  of 
weakness  lies  along  the  steep  submerged  western  front  of  Soutli  America 
between  Valjoaraiso  and  Ic^uique,  where  the  bottom  likewise  sinks  into  a 
deep  trough.^  On  land  the  most  frequent  earthquakes  take  place  along 
mountain  chains,  especially  those  of  which  the  latest  upheavals  date  from 
late  geological  time.  As  many  of  these  mountain  chains,  particularly 
when  near  a  coast-line,  are  dotted  with  volcanoes,  it  was  formerly  believed 
that  earthquakes  were  especially  prominent  in  volcanic  districts.  But 
although  they  do  occur  in  such  areas,  they  are  much  more  abundant  in 
other  non- volcanic  regions.  The  severest  European  earthquakes,  for 
instance,  have  taken  place  not  around  Etna  or  Vesuvius,  but  along  the 
Apennines,  the  Alps  and  other  districts  far  removed  from  any  active 
volcano. 

Distribution. — While  no  large  space  of  the  earth’s  surface  seems  to 
be  free  from  at  least  some  degree  of  earthquake-movement,  there  are 
regions  more  especially  liable  to  the  visitation.  In  the  Old  World,  a 
great  belt  of  earthquake  disturbance  stretches  in  an  east  and  west 
direction,  along  that  tract  of  remarkable  depressions  and  elevations  lying 
between  the  Alps  and  the  mountains  of  Northern  Africa,  and  spreading 
eastw^ard  so  as  to  enclose  the  basins  of  the  Mediterranean,  Black  Sea, 
Caspian  and  Sea  of  Aral,  and  to  rise  into  the  great  mountain  ridges  of 
Central  Asia.  The  borders  of  the  Pacific  Ocean  are  likewise  sulqect  to 
frequent  earthquake  shocks.  Some  of  the  most  terril)lc  earthquakes 
within  human  experience  have  been  those  which  have  affected  the  western 
seaboard  of  South  America.  It  is  worthy  of  notice  that  the  coasts  of  the 
Pacific  Ocean  more  specially  liable  to  convulsions  of  this  nature  plunge 
steeply  down  into  deep  water  with  slopes  of  one  in  twenty  to  one  in 
thirty,  while  shore-lines  such  as  those  of  Australia,  Scandinavia  and  the 
east  of  South  America,  where  the  slope  is  no  more  than  from  one  in 
fifty  to  one  in  two  hundred  and  fifty,  are  hardly  ever  affected  Ijy  earth¬ 
quakes.  It  should  also  be  remarked  that  while  earthquakes  are  apt  to 
occur  along  the  flanks  of  mountain  chains  and  to  travel  along  those  lines 
of  elevation,  they  seldom  cross  a  large  chain.  In  Japan,  for  example,  the 
earth-waves  which  arrive  from  the  ocean  become  feebler  as  they  travel 
inland,  until  they  are  nearly  imperceptible  in  the  mountainous  backbone 
of  the  island,  beyond  which  they  rarely  extend.- 

^  The  evidence  from  chafed  and  broken  telegi’aph  cables  as  to  probable  (lisphicements  of 
rock  and  sediment  by  submarine  seismic  disturbances  has  been  collected  by  Dr.  John  Milne, 
“Sub-oceanic  Changes,”  Geog.  Joum.  August  and  Sept.  1897. 

^  Milne’s  ‘Seismology,’  p.  31. 
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Causes  of  Earthquakes. — Though  the  phenomena  of  an  earthquake 
become  intelligible  as  the  results  of  the  transmission  of  waves  of  shock 
arising  from  a  centre  where  some  sudden  and  violent  impulse  has  been 
given  within  the  terrestrial  crust,  the  origin  of  this  sudden  blow  can  only 
be  more  or  less  plausibly  conjectured.  Various  conceivable  causes  may, 
at  different  times  and  under  different  conditions,  communicate  a  shock  to 
the  subterranean  regions.  Such  are  the  falling  in  of  the  roof  of  a  sub¬ 
terranean  cavity,  the  explosions  of  a  volcanic  orifice,  or  the  sudden  snap 
of  deep-seated  rocks  subjected  to  prolonged  and  intense  strain.  Each  of 
these  disturbances  no  doubt  from  time  to  time  gives  rise  to  earthquakes. 

In  countries  where  the  underground  rocks  are  liable  to  considerable 
solution  by  percolating  water,  and  where  consequently  tunnels  and  caverns 
are  formed,  it  is  obvious  that  occasionally  the  roofs  of  these  empty  spaces 
must  collapse,  and  when  this  takes  place  a  shock  of  greater  or  less  intensity 
will  be  propagated  outward  from  the  centre  of  disturbance.  In  the  ATsp 
Thai,  Canton  Wallis,  for  example,  where  there  are  some  twenty  springs 
carrying  up  gypsum  in  solution  (one  of  them  to  the  extent  of  200  cubic 
metres  annually),  continued  rumblings  and  sharp  shocks  are  from  time  to 
time  experienced.  In  July  and  August  1855,  these  movements  lasted 
upwards  of  a  month,  and  gave  rise  to  the  fissuring  of  buildings  and  the 
precipitation  of  landslips.  In  the  honeycombed  limestone  tract  of  the 
Karst,  also,  earthquakes  of  varied  intensity  are  of  constant  occurrence. 
Again,  the  long-continued  and  copious  discharge  of  materials  from  a 
volcanic  vent  may  give  rise  to  one  or  more  large  cavernous  spaces  in  the 
terrestrial  crust,  which,  perhaps  long  after  the  close  of  eruptive  activity, 
may  collapse  and  produce  an  earthquake.  But  the  shocks  originated  in 
these  ways  are  so  local  and  generally  so  shallow  that  they  can  hardly 
cause  any  widespread  disturbance. 

More  important  are  the  earthquakes  that  arise  from  volcanic  explosions. 
It  was  formerly,  indeed,  the  general  belief  that  these  comprise  by  far  the 
largest  number  and  the  most  destructive  of  all.  But,  as  above  stated, 
this  erroneous  conception  has  been  disproved  by  further  observation. 
Not  only  have  earthquakes  been  found  to  be  more  numerous  and  power¬ 
ful  in  non-volcanic  than  in  volcanic  regions,  but  those  which  accompany 
even  the  most  violent  volcanic  explosions  have  been  ascertained  to  be 
distinctly  more  local  in  their  effects  than  the  others.  The  tremendous 
catastrophe  of  Krakatoa  in  1883,  though  it  affected  the  ocean  and  the  air 
over  the  whole  globe,  does  not  appear  to  have  given  rise  to  any  widespread 
shaking  of  the  terrestrial  crust.  The  great  loss  of  life  and  property 
which  it  caused  arose  mainly  from  the  inrush  of  the  sea-waves  propagated 
outwards  from  the  site  of  the  volcanic  discharge  in  Sunda  Strait.  Again, 
the  great  explosion  of  Bandaisan  in  1888  shook  an  area  of  not  more  than 
2000  square  miles.  As  Mr.  Milne  has  pointed  out,  it  is  difficult  to 
imagine  that  the  primary  impulse  of  a  shock  which  will  be  felt  over  an 
extent  of  five  or  ten  thousand  square  miles  can  take  its  rise  at  such  a 
mere  local  focus  of  energy  as  that  of  a  volcano.^  It  would  seem  to  be 

^  ‘Seismology/  p.  30.  Compare  P.  Rudzld,  “Stiidien  aiis  der  Theorie  der  Erdljeben, ” 
Gerland’s  Beitrilgt  zht  (Jeophysik^  iii.  (1898),  pp.  495-540. 
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necessary  tliat  this  impulse  should  be  exerted  over  an  area  very  much 
larger  than  can  be  supposed  to  belong  to  even  the  most  powerful 
volcanic  vent. 

There  is  now  a  general  agreement  that  the  cause  of  the  more 
important  earthquakes  is  to  be  sought  in  the  effects  of  terrestrial  con¬ 
traction.^  Dr.  Hoernes,  from  a  study  of  European  earthquake  phenomena, 
came  to  the  conclusion  that  though  some  minor  earth-tremors  may  be  due 
to  the  collapse  of  underground  caverns,  and  others  of  local  character  to 
volcanic  action,  the  greatest  earthquakes  are  the  immediate  conseiiuences 
of  the  formation  of  mountains,  and  he  connected  the  lines  followed  by 
earthc|uakes  with  the  structural  lines  of  mountain-axes.  This  view  has 
been  sustained  and  extended  by  the  observations  of  later  years.  It  is 
now  perceived;  however,  that  not  merely  mountain-chains,  but  any  other 
part  of  the  earth’s  crust  which  is  under  great  strain,  may  gi\^e  way 
suddenly  and  thus  afford  the  primary  impulse  of  an  earthquake.  The 
great  lines  of  plication,  whether  anticlinal  or  synclinal,  are  those  where 
the  stresses  are  severest,  and  where,  therefore,  the  crust  must  l)e  most 
likely  from  time  to  time  to  give  way.  In  the  case  of  geologically  ancient 
mountain-chains  the  underlying  crust  has  had  time  to  adjust  itself  to  the 
conditions  produced  by  their  uprise  ;  but  in  the  younger  chains  such 
stability  has  not  yet  been  reached,  so  that  under  the  intense  strain  of 
corrugation  the  rocks  occasionally  snap  along  the  length  of  the  anticlines 
or  synclines,  and  thus  give, rise  to  the  tremors  or  more  violent  shocks  of 
mountainous  regions  like  the  Alps.  Obviously  a  serious  rent  in  the 
crust  produced  in  this  way,  and  extending  for  fifty  or  a  hundred  miles, 
must  give  rise  to  a  wider  disturbance  than  could  be  caused  by  a  violent 
explosion  from  a  single  volcanic  vent. 

The  sub-oceanic  earthquakes  may  be  traced  to  the  same  source  of 
origin.  As  already  stated,  they  appear  to  start  from  the  liase  of  the 
steep  submerged  slopes  of  the  continents.  On  the  two  sides  of  the  Ehicific, 
the  land  off  Japan  and  off  part  of  the  coast  of  South  America  rapidly 
sinks  into  a  deep  trough,  the  bottom  of  which  rises  again  into  the  general 
level  of  the  ocean  floor.  These  troughs  may  be  regarded  as  deep  synclines 
of  the  crust,  as  the  mountain-chains  are  lofty  anticlines.  In  cither  case 
the  rocks  have  been  bent  and  thrown  into  a  state  of  strain  from  which 
they  obtain  relief  by  occasional  fracturing.  That  some  of  these  sub¬ 
marine  operations  affect  the  sea-bottom  has  now  been  indicated  hy  the 
frequent  rupture  of  telegraph  cables.  Such  accidents  may  no  doubt 
happen  from  various  causes  not  necessarily  seismic ;  but  after  these 
possible  causes  have  been  allowed  for  (and  some  of  them,  such  as  the 
launching  downward  of  vast  quantities  of  rock-d4bris,  may  be  due  to 
earthquakes),  there  seems  to  be  little  doubt  of  the  number  and  potency  of 
the  disturbances  that  arise  along  the  submerged  slopes  of  the  continents. 

Where  the  terrestrial  crust  has  been  weakened  by  lines  of  powerful 
faults,  slips  on  the  downthrow  side  of  such  dislocations  may  from  time  to 

^  See  posted,  p.  416  ei  seq.  Suess,  ‘Entstelmng  der  Alpeii,’  Vienna,  1875  ;  Hoemes, 
“Erdbebeii  Studien,”  Jahi'h.  GeoL  ReicJis.  xxviii.  (1878),  p.  448. 

2  J.  Milne,  ‘‘Sub-oceanic  Changes,”  Geoq.  Jouni.  x.  (1897),  pp.  129-146,  259-289. 
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time  take  place,  and  give  rise  to  gentle  concussions  or  more  violent  earth¬ 
quakes.  Thus  the  chief  earthquake  area  in  the  British  Isles,  that  of 
Comrie,  lies  on  the  line  of  one  of  the  great  structural  faults  of  Scotland, 
the  displacement  along  which  has  amounted  to  many  thousand  feet.  The 
great  Japanese  earthquake  of  1891  was  probably  caused  by  a  renewal 
of  subsidence  along  the  side  of  an  old  fault-line,  which  resulted  in  the 
formation  of  a  fissure  along  that  line,  reaching  to  the  surface  of  the 
ground  and  traceable  for  more  than  40  miles.  In  districts  of  younger 
horizontal  formations  which  are  not  dislocated,  earthquakes  may  never¬ 
theless  arise  from  slipping  along  lines  of  dislocation  in  older  formations 
underneath.  Many  earthquakes  are  followed  by  numerous  less  violent  after¬ 
shocks,  which  probably  mark  minor  ruptures  of  rock,  while  the  displaced 
portion  of  the  terrestrial  crust  is  gradually  settling  down  after  the  main 
dislocation.  Thus  after  the  Japanese  earthquake  of  October  1891,  which 
was  manifestly  due  to  fracture  and  slipping  along  the  line  of  the  fissure, 
the  after-shocks,  which,  as  already  stated,  numbered  1132  during  the  first 
ten  days  and  no  fewer  than  3364  during  the  next  two  years,  show  how 
serious  was  the  original  displacement,  and  how  gradually  the  sunken  mass 
accommodated  itself  to  its  new  position. 

If  the  suggestion  above  referred  to  should  be  eventually  established, 
that  the  earth-wave  is  transmitted  through  the  interior  of  our  globe,  fresh 
material  will  be  supplied  for  discussion  of  the  effective  rigidity  of  the 
planet.  This  subject  has  indeed  been  already  noticed  by  Professor 
Arrhenius  in  the  paper  on  the  Physics  of  Volcanism,  from  which  some 
quotations  have  been  made  in  previous  pages  {ante,  pp.  72,  355).  Review¬ 
ing  the  recent  advances  in  seismology,  and  especially  the  evidence  as  to 
the  rate  at  which  the  waves  of  shock  are  propagated  in  the  earth  from 
long  distances,  he  remarks  that  if  the  earth’s  interior  consisted  of  solid 
material,  we  must  assume  that  the  first  or  preliminary  shock  propagated 
in  that  interior  and  recorded  at  a  distant  seismological  station  is  as 
violent  as  or  more  violent  than  the  principal  shock,  and  that  the  sole 
reason  for  the  enormous  weakening  of  the  first  shock  must  be  because 
this  shock  is  to  an  extraordinary  degree  smothered.  This  inference 
points,  he  thinks,  to  the  very  great  internal  friction  within  the  earth — 
a  property  characteristic  of  fluid  and  gaseous  bodies,  especially  under 
high  pressure  and  temperature,  in  contradistinction  to  solid  bodies.  He 
concludes  that  earthquake  observations  afford  strong  evidence  against 
the  solidity  of  the  earth’s  interior.^ 

Geological  effects. — These  are  dependent  not  only  on  the  strength 
of  the  concussion  but  on  the  structure  of  the  ground,  and  on  the  site  of 
the  disturbance,  whether  underneath  land  or  sea.  They  include  changes 
superinduced  on  the  surface  of  the  land,  on  terrestrial  and  oceanic  waters, 
and  on  the  relative  levels  of  land  and  sea. 

1.  Effects  upon  the  soil  and  general  surface  of  a  country. — 
The  earth-wave  or  wave  of  shock  underneath  a  country  may  traverse  a 
wide  region  and  affect  it  violently  at  the  time,  without  leaving  permanent 
traces  of  its  passage.  The  soil  may  be  detached  from  hill-slopes,  carrying 

^  Op,  cit.  p.  409. 
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with  it  a  wide  extent  of  forest,  and  leaving  in  places  declivities  of  bare 
stone.  Blocks  of  rock,  already  disengaged  from  their  parent  masses  on 
declivities,  may  be  rolled  down  into  the  valleys,  or  where  only  feebly 
adherent  to  the  rock  in  situ  may  be  shaken  off.  Landslips  are  thus  pro¬ 
duced,  which  may  give  rise  to  considerable  changes  of  drainage  by  damming 
up  streams,  altering  their  courses,  or  giving  rise  to  lakes.^  In  some  instances, 
the  surfaces  of  solid  rocks  are  shattered  as  if  by  gunpowder,  as  was  par¬ 
ticularly  noticed  to  have  taken  place  among  the  Primary  rocks  in  the 
Concepcion  earthquake  of  1835.-  It  has  often  been  observed  also  that 
the  soil  is  rent  by  fissures  which  vary  in  size  from  mere  cracks,  like 
those  due  to  desiccation,  up  to  chasms  a  mile  or  more  in  length  and  200 
feet  or  more  in  depth.  Permanent  modifications  of  the  landscape  may 
thus  be  produced.  Trees  are  thrown  down,  and  buried,  wholly  or  in 
part,  in  the  rents.  These  superficial  effects  may,  indeed,  be  soon  effaced 
by  the  levelling  power  of  the  atmosphere.  Where,  however,  the  chasms 
are  wide  and  deep  enough  to  intercept  rivulets,  or  to  serve  as  channels 
for  heavy  rain-torrents,  they  are  sometimes  further  excavated,  so  as  to 
become  gradually  enlarged  into  ravines  and  valleys,  as  has  happened  in 
the  case  of  rents  caused  by  the  earthquakes  of  1811-12,  in  the  Mississippi 
valley.  In  the  earthquake  which  shook  the  South  Island  of  New  Zealand 
in  1848,  a  fissure  was  formed,  averaging  18  inches  in  width  and  traceable 
for  a  distance  of  60  miles  parallel  to  the  axis  of  the  adjacent  mountain- 
chain.  The  subsequent  earthquake  of  1855,  in  the  same  region,  gave 
rise  to  a  fracture  which  could  be  traced  along  the  base  of  a  line  of  cliff 
for  a  distance  of  about  90  miles.  Messrs,  li.  Mallet  and  T.  Oldham  have 
described  a  remarkable  series  of  fissurings  which  ran  parallel  with  the 
river  of  Calhar,  Eastern  British  India,  varying  with  it  to  every  point  of 
the  compass  and  traceable  for  100  miles.^  The  Indian  examples  have 
shown  the  existence  of  two  classes  of  fissures  in  earthquakes  :  first,  the 
important  rectilinear  rents  traceable  for  long  distances,  and  oliviously  the 
superficial  manifestation  of  the  underground  fault  along  which  the  slipping 
that  produces  the  shock  takes  place ;  and  second,  the  mere  surface  cracks 
in  soil,  more  rarely  in  solid  rock,  due  to  the  passage  of  the  earth- wave, 
and  specially  developed  parallel  to  any  free  surface  such  as  a  river-])ank 
towards  which  the  soil  can  readily  move.  The  first  or  true  fissures  or 
faults  may  be  regarded  as  parts  of  the  dislocation  that  cause  the  earth¬ 
quake  ;  the  second  class  are  mere  cracks  that  arise  as  a  conse(juence  of 
the  movements  started  by  the  first. 

.  Another  remarkable  instance  of  the  first  or  fault- fissui'e  type  was 
furnished  by  the  great  Japanese  earthquake  of  28th  October  1891,  which, 
as  above  stated,  gave  rise  to  a  fissure  that  could  bo  traced  along  the 

^  Earthquake  shocks  are  believed  by  Mr.  Whitman  Cross  to  have  been  the  initial  cau.se 
of  extensive  landslips  that  have  taken  place  in  the  Western  regions  of  the  United  States 
{21st  Ann,  JRep.  U,  S.  G.  H.  1900,  part  ii.  chap.  v.).  Some  of  these  slides  cover  areas  of 
several  square  miles,  and  may  date  from  Pleistocene  time. 

2  Darwin,  ‘Journal  of  Eesearches/  1845,  p.  303. 

Q.  J.ih  S.  xxviii.  p.  257.  B.  D.  Oldham,  as  cited  on  next  page.  For  a  catalogue  df 
Indian  Earthquake-^  to  the  end  of  1869,  see  T.  Oldham,  3/m.  OW.  Surv.  Lidia,  xix.  part  ii. 
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surface  of  the  coiintiy  for  more  thaa  forty  miles  (Fig.  7  4).  The  ground 
on  one  side  sank  from  two-thirds  of  a  metre  to  as  kiuch  as  six  metres 
below  that  on  the  other ;  and  not  only  so,  but  there  was  likewise  a  hori¬ 
zontal  displacement,  the  east  side  being  in  places  pushed  bodily  four 
metres  towards  the  north. ^  In  some  places  the  rupture  showed  itself  at 
the  surface  in  a  cracked  ridge,  like  that  of  a  mole  when  near  the  surface. 
The  great  Indian  earthquake  of  12th  June  1897  gave  rise  to  some 
important  fissures,  one  of  which  had  in  some  places  rent  th^  solid  rock 
and  could  be  traced  for  about  seven  miles. ^ 


Fig.  74.— Fissure  or  fault  caused  by  the  earthquake  of  28th  October  ISOl,  in  the  Neo  valley,  Japan. 


Remarkable  circular  cavities  have  been  noticed  in  Calabria,  Assam, 
and  elsewhere,  formed  in  the  ground  during  the  passage  of  the  earth- 
wave.  In  many  cases,  these  holes  serve  as  funnels  of  escape  for  an 
abundant  discharge  of  water,  so  that  when  the  disturbance  ceases  they 
appear  as  pools.  They  are  believed  to  be  caused  by  the  sudden  collapse 
of  subterranean  water-channels  and  the  consequent  forcible  ejection  of 
the  water  to  the  surface.  Besides  water,  discharges  of  various  gases  and 
vapours,  sometimes  combustible,  have  been  noted  at  the  fissures  formed 
during  earthquakes. 

After 'the  Indian  earthquake  of  June  1897  the  rice-fields,  which  had 
been  carefully  levelled  to  allow  them  to  be  flooded  to  a  shallow  and 
uniform  depth,  were  found  to  be  thrown  into  gentle  undulations,  with  a 
difference  of  level  of  occasionally  as  much  as  two  or  three  feet  l)etween 

1  B.  Koto,  Journ.  Coll.  Sci.  Japan,  v.  part  iv.  (1893),  pp.  329,  339, 

R.  D.  Oldtiam,  ‘‘Report  on  the  great  Indian  Earthquake  of  12th  June  1897,”  Me7H. 
Oeol.  Surv.  India,  xxix.  (1899),  p.  149. 
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crest  and  hollow.^  A  still  more  remarkable  change  has  been  noticed 
in  some  earthquakes,  where  portions  of  the  surface  of  a  country  have 
been  compressed  so  as  to  bring  their  several  parts  nearer  to  each  other. 
This  result  was  particularly  remarked  after  the  central  Japanese  cata¬ 
strophe  of  1891,  above  referred  to.  The  horizontal  distance  between  the 
piers  of  bridges  was  shortened,  river-beds  were  contracted  from  one  to 
two  per  cent  of  their  former  width,  and  plots  of  ground  were  reduced 
in  length  in ‘the  ratio  of  ten  to  seven. 

2.  Effects  upon  terrestrial  waters.^ — Springs  are  affected  by 
earthquake  movements,  becoming  greater  or  smaller  in  volume,  muddy  or 
discoloured,  sometimes  increasing  in  temperature,  or  even  disappearing 
and  finding  new  exits.  Brooks  and  rivers  have  been  observed  to  flow 
with  an  interrupted  course,  increasing  or  diminishing  in  size,  stopping 
in  their  flow  so  as  to  leave  their  channels  dry,  and  then  rolling  forward 
with  increased  rapidity.  Lakes  are  still  more  sensitive.  Their  waters 
occasionally  rise  and  fall  for  several  hours,  even  at  a  distance  of  many 
hundred  miles  from  the  centre  of  disturbance.  Thus,  on  the  day  of  the 
great  Lisbon  earthquake,  many  of  the  lakes  of  central  and  north-western 
Europe  were  so  affected  as  to  maintain  a  succession  of  waves  rising 
to  a  height  of  2  or  3  feet  above  their  usual  level.  Cases,  however,  have 
been  observed  where,  owing  to  excessive  subterranean  movement,  lakes 
have  been  emptied  of  their  contents  and  their  beds  have  been  left  per¬ 
manently  dry. 

After  a  severe  earthquake  new  lakes  may  come  into  existence.  This 
may  arise  from  at  least  three  causes'*: — (1)  Where  the  ground  has  been 
thrown  into  undulations  and  has  not  recovered  its  original  form,  or 
where  it  has  sunk  permanently,  the  depressions  are  soon  filled  with 
water.  Examples  of  this  mode  of  origin  were  seen  after  the  earthquake 
of  1891  in  Central  Japan.  A  large  tract  on  the  depressed  side  of  the 
fissure  became  a  lake  which  had  to  be  drained  by  a  channel  cut  for  the 
purpose,  while  two  other  smaller  lakes  were  also  formed  in  hollows  left 
after  the  catastrophe.^  Still  more  striking  were  the  numerous  lakes  that 
arose  from  interruptions  of  the  drainage-channels  by  the  Indian  earth¬ 
quake  of  1897.  Mr.  Oldham  describes  a  series  of  sheets  of  water,  one 
of  which  was  a  mile  and  a  half  long  and  18  feet  deep,  formed  by  irregular 
warping  of  the  ground  across  the  course  of  a  river.^  (2)  Where  a  line  of 
fissure  having  a  vertical  displacement  crosses  the  course  of  a  stream,  its 
fault-scarp  will  give  rise  to  a  waterfall  where  it  faces  down  stream, 
and  to  a  lake  where  it  looks  the  other  way.  This  feature  was  also  well 
illustrated  in  the  same  Indian  earthquake.  The  Chedrang  river  was 
crossedl  a  number  of  times  by  a  fissure  which  in  places  Ijad  a  throw  of  25 
feet,  and  after  the  catastrophe  was  found  to  be  marked  by  a  succession 
of  lakelets  and  waterfalls.  Not  only  the  main  stream  was  thus  affected, 
but  the  little  tributary  rivulets  where  the  fault-scarp  rose  between  them 
and  the  river  gathered  into  little  pools.^  (3)  One  of  the  most  frequent 

^  Oldham,  op.  cit  p.  95.  2  Kluge,  Neues  JaJirh.  1861,  p.  777. 

B.  Kote,  op.  cit.  p.  335.  ^  ‘  Indian  Earthquake,’  p.  152. 

^  Op.  cit.  p.  138. 
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causes  of  the  ponding  up  of  the  drainage*  of  a  seismic  district  is  to  he 
found  in  the  fall  of  masses  of  rock  and  earth  which,  when  launched  across 
the  course  of  a  stream,  dam  hack  the  water  and  give  rise  to  a  pool  or 
lake.  If  this  harrier  be  of  sufficient  strength,  the  lake  Avill  be  permanent; 
though,  from  the  usually  loose,  incoherent  character  of  its  materials,  the 
dam  thrown  across  the  pathway  of  a  stream  runs  a  great  risk  of  being 
undermined  by  the  percolating  water.  A  sudden  giving  way  of  the 
barrier  allows  the  confined  water  to  rush  with  great  violence  down  the 
valley,  and  to  produce  perhaps  tenfold  more  havoc  there  than  may  have 
been  caused  by  the  original  earthquake.  When  a  landslip  is  of  sufficient 
dimensions  to  divert  a  stream  from  its  previous  course,  the  new  channel 
thus  taken  may  become  permanent,  and  a  valley  may  be  cut  out  or 
widened. 

Eeference  may  here  be  made  to  an  effect  of  earthquakes  on  the  fauna 
of  terrestrial  and  oceanic  waters,  which  possesses  considerable  geological 
interest.  Instances  have  been  observed  both  on  land  and  sea  where  the 
passage  of  the  wave  of  shock  has  been  highly  destructive  to  some  forms 
of  aquatic  life.  Thus,  by  the  Indian  earthquake  of  1897,  ‘‘fishes  were 
killed  in  myriads  as  by  the  explosion  of  a  dynamite  cartridge ;  the  fine 
fishing-pools  of  the  Sumesari  river  were  found  devoid  of  fish,  and  for 
days  after  the  earthquake  this  river  was  choked  with  thousands  of  dead 
fish  fioating  down  from  the  upper  reaches.  In  the  Borpeta  subdivision 
of  the  Kamrup  district  the  fish  were  killed  in  the  same  manner,  and  two 
fioating  carcases  of  Gangetic  dolphins  were  seen  which  had  been  killed 
by  the  shock.”  ^  In  certain  ancient  geological  formations  the  surfaces  of 
some  strata  are  crowded  with  the  remains  of  fishes,  which  are  so  well- 
preserved  as  to  show  that  they  must  have  been  suddenly  killed  and 
quickly  entombed  before  their  bodies  had  time  to  decay  and  the  parts 
to  separate.  Not  improbably  such  rock-surfaces  may  sometimes  preserve 
a  memorial  of  old  earthquake-shocks. 

3.  Effects  upon  the  sea. — The  great  sea- wave  propagated  outward 
from  the  centre  of  a  sub-oceanic  earthquake,  and  reaching  the  land  after 
the  earth-wave  has  arrived  there,  gives  rise  to  much  destruction  along  the 
maritime  parts  of  the  disturbed  region.  When  it  approaches  a  low  shore, 
the  littoral  waters  retreat  seawards,  sucked  up,  as  it  were,  by  the  advanc¬ 
ing  wall  of  water,  which,  reaching  a  height  of  sometimes  60  feet  or  more, 
rushes  over  the  bare  beach  and  sweeps  inland,  carrying  with  it  everything 
which  it  can  dislodge  and  bear  away.  Loose  blocks  of  rock  are  thus 
lifted  to  a  consideral3le  distance  from  their  former  position,  and  left  at  a 
higher  level.  Deposits  of  sand,  gravel,  and  other  superficial  accumula¬ 
tions  are  torn  up  and  swept  away,  while  the  surface  of  the  country,  as  far 
as  the  limit  reached  by  the  wave,  is  strewn  with  d6bris.  If  the  district 
has  been  already  shattered  by  the  passage  of  the  earth-wave,  the  advent 
of  the  great  sea-wave  augments  and  completes  the  devastation.  The 
havoc  caused  by  the  Lisbon  earthquake  of  1755,  and  by  that  of  Peru  and 
Ecuador  in  1868,  was  much  aggravated  by  the  co-operation  of  the  oceanic 
wave.  On  15th  June  1896,  the  sea  rose  along  the  coast  of  Nipon,  Japan, 

^  K  D.  Oldham,  oj),  cit.  p.  80.  See  also  C.  Forbes,  Q.  J.  G.  S.  xiv.  (1858),  p.  294. 
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for  a  distance  of  70  miles,  and  cost  the  lives  of  nearly  30,000  of  the 
inhabitants,  as  it  laid  whole  towns  in  ruins.  The  sea- waves  on  that 
occasion  were  propagated  across  the  whole  breadth  of  the  Pacific  Ocean. 
They  were  felt  at  Honolulu,  a  distance  of  3591  miles,  where  the  sea  rose 
8  feet  above  high-water  mark,  and  threw  down  stone  walls.  Their  mean 
velocity  from  Japan  to  the  Hawaiian  Islands  was  681  feet  per  second. 
They  were  also  recorded,  though  feebler,  at  Sausalito,  in  the  entrance  to 
San  Francisco  Bay,  a  distance  of  4787  miles,  their  mean  velocity  to  that 
point  being  664  feet  per  second.^ 

The  soundings  and  other  explorations  connected  with  the  laying  and 
repair  of  submarine  telegraph  cables  have  brought  to  light  the  remarkal)lc 
extent  to  which  the  ocean  floor  is  subject  to  changes  of  apparently  a 
seismic  origin.  In  some  cases  vast  masses  of  loose  material  have  been 
shaken  ofi'  submarine  slopes  to  lower  depths  ;  and  (|uantities  of  rock-d(‘])ris 
have  been  precipitated  to  the  bottom,  burying  and  often  breaking  the 
cables.  Changes  of  depth,  sometimes  to  a  hardly  credible  extent,  are 
likewise  reported  by  those  in  charge  of  the  calJe  operations.  It  is  stated 
that  in  the  Mediterranean  great  subsidences  of  the  l)ottom  have  been 
observed  after  earthquakes.  “After  the  Filiatra  shock  in  1886,  it  was 
found,  while  searching  for  a  broken  cable  30  miles  ofl‘  shore,  that  a 
depth  of  900  fathoms  existed  where  previously  there  had  been  only  700 
fathoms,  and  that  some  four  knots  of  the  cable  were  covered  by  the 
‘  landslip.’  ”  On  the  coast  of  Ecuador,  where  also  the  telegraph  cal)les  have 
frequently  been  broken,  the  depths  are  said  to  have  increased  from  100 
to  nearly  200  fathoms.^ 

4.  Permanent  changes  of  level. — It  has  been  observed,  after  the 
passage  of  an  earthquake,  that  the  level  of  the  disturbed  country  has 
sometimes  been  changed.  Thus  after  the  terrible  earthquake  of  19th 
November  1822,  the  coast  of  Chili,  for  a  long  distance,  was  said  to  have 
risen  from  3  to  4  feet,  so  that,  along-shore,  littoral  shells  were  exposed 
still  adhering  to  the  rocks,  amid  multitudes  of  dead  fish.  The  same 
coast-line  has  been  further  upraised  by  subsequent  earthquake  shocks.*^ 
On  the  other  hand,  many  instances  have  been  observed  Avhere  the  effect 
of  an  earthquake  has  been  to  depress  permanently  the  disturbed  ground. 
For  example,  by  the  Bengal  earthquake  of  1762,  an  area  of  60  square 
miles  on  the  coast  near  Chittagong,  suddenly  went  down  beneath  the  sea, 
leaving  only  the  tops  of  the  higher  eminences  above  water.  The  succes¬ 
sion  of  earthquakes  which  in  the  years  1811  and  1812  devasted  the  basin 

1  Davison,  FIiiL  Mag.  1.  (1900),  p.  581.  On  the  sea-waves  connected  with  this  Japanese 
earthquake,  see  J.  Milne,  Oeograph.  Jour.  viii.  (1896),  p.  157  ;  Brit.  Assoc.  Rep.  1897, 
p.  25. 

2  Milne,  ‘  Seismology,’  p.  35,  and  ‘‘Siih- oceanic  Changes,”  cited  ante,  p.  370.  It  is  difficult 
to  believe  that  without  some  stupendous  disturbance  of  the  water  any  part  of  the  Mediter¬ 
ranean  floor  could  have  recently  suddenly  sunk  down  as  much  as  200  fathoms,  or  that  the 
bottom  off  the  coast  of  Ecuador  has  lately  subsided  nearly  600  feet.  More  probably  there 
has  been  in  some  cases  a  slipping  of  rock  down  a  submarine  face,  whereby,  without  any  great 
horizontal  displacement,  a  line  of  cable  may  have  been  carried  down  into  deeper  water, 

3  This  elevation  is  fully  described  by  Lyell  in  his  ‘  Principles,’  but  it  is  discredited  by 
Suess  in  his  ‘  Antlitz  der  Erde.’  postea,  p.  386. 
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of  the  Mississippi,  gave  rise  to  widespread  depressions  of  the  ground,  over 
some  of  which,  above  alluded  to,  the  river  spread  so  as  to  form  new  lakes, 
with  the  tops  of  the  trees  still  standing  above  the  surface  of  the  water. 

Section  iii.  Secular  Upheaval  and  Subsidence. 

Besides  scarcely  perceptible  tremors  and  more  or  less  violent  move¬ 
ments  due  to  earthquake-shocks,  the  crust  of  the  earth  is  generally 
believed  to  undergo  in  many  places  oscillations  of  an  extremely  quiet  and 
uniform  character,  sometimes  in  an  upward,  sometimes  in  a  downward 
direction.  This  belief  dates  back  to  the  early  part  of  the  eighteenth 
century,  when  Celsius,  from  numerous  observations  made  by  him  on  the 
shores  of  the  Baltic,  inferred  that  the  land  was  emerging,  by  the  sinking 
of  the  sea,  at  the  rate  of  40  inches  in  a  century.  His  statements  were 
controverted  in  his  own  time,  though  afterwards  supported  by  Liimams. 
But  it  was  hot  until  the  beginning  of  the  following  century  that  the 
conviction  obtained  generally  among  geologists,  when  Leopold  von  Buch, 
after  a  full  examination  of  the  ground,  announced  his  opinion  that 
Scandinavia  was  slowly  rising  out  of  the  sea.  From  that  time  the  doc¬ 
trine  of  secular  elevation  and  depression  of  land  became  one  of  the 
orthodox  parts  of  the  dominant  school  in  geology.  It  was  admitted  that 
these  changes  of  level  might  be  so  tranquil  as  to  produce  from  day  to 
day  no  appreciable  alteration  in  the  aspect  of  the  ground  affected,  so  that 
perhaps  only  after  the  lapse  of  several  generations,  and  by  means  of 
careful  measurements,  could  they  really  be  proved.  It  was  acknowledged 
that  in  the  interior  of  a  country  nothing  but  a  series  of  accurate  levellings 
from  some  unmoved  datum-line  might  detect  the  change  of  level,  unless 
the  effects  of  the  terrestrial  disturbance  showed  themselves  in  altering 
the  drainage,  and  that  only  along  the  sea-coast  was  a  ready  measure 
afforded  of  any  such  movements. 

It  is  customary  in  popular  language  to  speak  of  the  sea  rising  or 
falling  relatively  to  the  land.  We  cannot  conceive  of  any  possible 
augmentation  of  the  oceanic  waters,  nor  of  any  diminution,  save  what 
may  be  due  to  the  extremely  slow  processes  of  abstraction  by  the  hydra¬ 
tion  of  minerals  and  absorption  into  the  earth’s  interior.  Any  changes, 
therefore,  in  the  relative  levels  of  sea  and  land  must  be  due  to  some  re¬ 
adjustment  in  the  form  either  of  the  solid  globe  or  of  its  watery  envelope 
or  of  both.  Playfair  argued  at  the  beginning  of  last  century  that  no 
subsidence  of  the  sea-level  could  be  local,  but  must  extend  over  the  globe. ^ 
But  it  is  now  recognised  that  what  is  called  the  sea-level  cannot  possess 
the  uniformity  formerly  attributed  to.it ;  that  on  the  contrary  it  must  be 
liable  to  local  distortion  from  the  attractive  influence  of  the  land.  Hot 
only  so,  but  the  level  of  the  surface  of  large  inland  sheets  of  water  must 
be  affected  by  the  surrounding  high  lands. 

Mr.  K.  S.  Woodward,  whose  memoir  on  this  subject  has  been  cited, 
calculated  that  in  a  lake  140  miles  broad  and  1000  feet  deep  in  the 

^  ‘Illustrations  of  tlie  Hiittoiiian  Theory,’  1802.  The  same  conclusion  was  announced 
by  L.  von  Buch,  ‘Reise  diircli  Norwegen  und  Lapland,’  1810. 
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middle,  the  difference  of  level  of  the  water-surface  at  the  centre  and  at 
the  margin  may  amount  to  between  three  and  four  feet.^  As  already 
stated,  he  further  computed  that  the  effects  of  the  continents  of  Europe 
and  Asia  at  the  centre  in  disturbing  the  sea-level  must  amount  to  about 
2900  feet,  if  we  suppose  that  there  is  no  deficiency  of  density  underneath 
the  continent,  and  to  only  about  10  feet  if  we  suppose  that  the  very 
existence  of  the  continent  implies  such  a  deficiency.^ 

Various  suggestions  have  been  made  regarding  possible  causes  of 
alteration  of  the  sea-level.^  (1)  Subsidence  of  the  floor  of  the  oceanic 
basins  must  lower  the  level  of  the  sea.  The  elevation  of  masses  of  land 
diminishes  the  oceanic  areas  and  lowers  the  sea-level,  while  the  sinking  of 
land  produces  an  opposite  effect.  Changes  in  relative  areas  of  land  and 
sea  in  the  past  must  thus  have  affected  the  level  of  the  oceans.  (2)  A 
shifting  of  the  present  distribution  of  density  within  the  nucleus  of  the 
planet  would  affect  the  position  and  level  of  the  oceans  {aMe,  p.  28). 
(3)  As  permanent  snow  and  ice  represent  so  much  removed  from  the 
general  body  of  water  on  the  globe,  any  large  increase  or  diminution  in 
the  extent  and  thickness  of  the  polar  ice-caps  must  cause  a  corresponding 
variation  in  the  sea-level  {ante,  p.  26).  (4)  A  change  in  the  earth’s 

centre  of  gravity,  such  as  might  result  from  the  accumulation  of  large 
masses  of  snow  and  ice  as  an  ice-cap  at  one  of  the  poles,  has  been  already 
referred  to  (p.  28)  as  tending  to  raise  the  level  of  the  ocean  in  the 
hemisphere  so  affected,  and  to  diminish  it  in  a  corresponding  measure 
elsewhere.  The  return  of  the  ice  into  the  state  of  water  would  produce 
an  opposite  effect.  The  attractive  influence  of  the  ice-sheets  of  the 
Glacial  period  upon  the  sea-level  over  the  northern  hemisphere  has  been 
discussed  by  various  mathematicians,  especially  by  Croll,  Pratt,  Heath, 
and  Lord  Kelvin.  Considerable  differences  appear  in  their  results, 
according  to  the  conditions  which  they  postulate,  but  they  agree  that  a 
decided  elevation  of  the  sea-level  must  be  attributed  to  the  accumulation 
of  thick  masses  of  snow  and  ice.  The  rise  of  the  sea-level  along  the 
border  of  an  ice-cap  of  38°  angular  radius  and  10,000  feet  thick  in 
the  centre  is  estimated  at  from  139  to  573  feet.^  (5)  A  still  further 

^  BitlL  U.  S.  (J.  No.  48  (1888),  p.  59  ;  and  ante^  p.  43. 

-  Op.  cit.  p.  85.  See  Stokes,  Tram.  Oamh.  Phil.  Sue.  viii.  (1849),  p.  672 ;  ScL  Proc. 
Roy.  Duhlm  Sac.  v.  (1887),  p.  652. 

^  Shaler,  “Evidences  as  to  Changes  of  Sea-level,”  Bidl.  Oeol.  Soc.  Amer.  vi.  (1895),  pp. 
141-166.  • 

See  Croll,  “Climate  and  Time,”  chaps. xxiii.  xxiv.  (Jeol.  Mag.  1874.  Pratt,  '  Figure  of  the 
Earth.’  D.  D.  Heath,  Phil.  Mag.  xxxi.  (1866),  i)p.  201,  323  ;  xxxii.  (1866),  p.  34.  Thomson 
(Lord  Kelvin),  op.  cit.  xxxi.  p.  305.  A.  Penck,  JaUrh.  Qeogmph.  OeseL,  Munich,  vii.  De 
Lapparent,  B.  S.  G.  F.  xiv.  (1886),  p.  368  ;  Revue  giiierale  des  Sciences^  May  1890. 
R.  S.  Woodward,  B.  U.  S.  Q.  S.  No.  48.  Von  Drygalski,  ‘Bewegiingen  cler  Kontinente 
znr  Eiszeit,’  Berlin,  1889.  Dr.  H.  Hergesell  {GerlaniVs  Beitrllge  zm  Geophysik,  i.  (1875),  pp. 
59-114)  opposes  the  view  that  former  shore-lines  can  be  explained  hy  reference  to  the  ice-sheet. 
Professor  Suess  believes  that  the  limits  of  the  dry  land  depend  upon  certain  large  indeter¬ 
minate  oscillations  of  the  statical  figirre  of  the  oceanic  envelope  ;  that  not  only  are  “raised 
beaches  ”  to  he  thus  explained,  but  that  there  are  absolutely  no  vertical  movements  of  the 
crust  save  such  as  may  form  part  of  the  plication  arising  from  secular  contraction ;  and  that  the 
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conceivable  source  of  geographical  disturbance  is  to  be  found  in  the  fact 
that,  as  a  consequence  of  the  diminution  of  centrifugal  force  owing  to  the 
retardation  of  the  earth’s  rotation  caused  by  the  tid^al  wave,  the  sea-level 
must  have  a  tendency  to  subside  at  the  equator  and  rise  at  the  poles.^ 
A  larger  amount  of  land,  however,  need  not  ultimately  be  laid  bare  at 
the  equator,  for  the  change  of  level  resulting  from  this  cause  would  be  so 
slow  that,  as  Croll  pointed  out,  the  general  degradation  of  the  surface  of 
the  land  might  keep  pace  with  it,  and  diminish  the  terrestrial  area  as 
much  as  the  retreat  of  the  ocean  tended  to  increase  it.  The  same  writer 
further  suggested  that  the  waste  of  the  equatorial  land,  and  the  deposition 
of  the  detritus  in  higher  latitudes,  might  still  further  counteract  the 
effects  of  retardation  and  the  consequent  change  of  ocean-level.  (6)  Some 
geologists*  have  contended  that  where  the  earth’s  crust  is  loaded  with 
thick  deposits  of  sediment  or  massive  ice-sheets  it  will  tend  to  sink,  while 
on  the  other  hand  denudation  by  unloading  it  promotes  upheaval. 

The  balance  of  evidence  at  present  available  seems  to  me  adverse  to 
any  theory  which  would  account  for  at  least  modern  changes  in  the 
relative  level  of  sea  and  land  by  variations  in  the  figure  of  the  oceanic 
envelope,  save  to  a  limited  extent  by  such  influences  as  widespread  sub¬ 
sidence  of  the  ocean  floor,  the  attraction  caused  by  extensive  masses  of 
upraised  land,  and  possibly  in  northern  and  southern  latitudes  by  the 
attractive  influence  of  large  accumulations  of  snow  and  ice.  These  changes 
of  level  are  rather  to  be  regarded  as  due  to  movements  of  the  solid  crust. 
The  proofs  of  upheaval  and  subsidence,  though  sometimes  obtainable  from 
wide  areas,  are  marked  by  a  want  of  uniformity  and  a  local  and  variable 
character,  indicative  of  an  action  local  and  variable  in  its  operations,  such 
as  the  folding  or  deformation  of  the  terrestrial  crust,  and  not  regular  and 
widespread,  such  as  might  be  predicated  of  any  alteration  of  sea-level. 
While  admitting  therefore  that  oscillations  of  the  relative  level  of  sea 
and  land  have  arisen  from  some  of  the  causes  above  enumerated,  we  may 
hold  that,  on  the  whole  and  on  the  great  scale,  it  is  the  land  which  is  at 
present  rising  or  sinking,  rather  than  the  sea.- 

This  conclusion  is  supported  by  the  results  of  the  mosi:  recent  observations  and  measure¬ 
ments  which  have  been  made  in  different  parts  of  the  world,  and  of  some  of  which  a 

doctrine  of  secular  Huctuations  in  the  level  of  the  continents  is  merely  a  remnant  of  the  old 
Erhebungstheorie,”  destined  to  speedy  extinction.  ‘  Antlitz  der  Erde,’  1883.  He  re-states 
tlie  same  views  in  the  French  edition  of  his  work  published  in  1897,  with  the  title  of  '^Face 
de  la  Terre.’  Pfaff  defended  the  general  opinion  against  these  views  in  Z.  JJ.  O,  G.  1884. 

^  Croll,  Lhil.  May.  1868,  p.  382.  Thomson  (Lord  Kelvin),  Trans.  (/eoL  Soc.  Glasgow, 
iii.  p.  223. 

-  For  the  arguments  against  the  view  above  adopted  and  in  favour  of  the  doctrine  that 
the  increase  of  the  land  above  sea-level  is  due  to  the  retirement  of  the  sea,  see  H.  Traut- 
schold.  Bulletin  SocUte  Im;p.  des  Natwralistes  de  Moscou,  xlii.  (1869),  part  i.  jo.  1  ;  1883, 
No.  2,  p.  341  ;  B.  8.  G.  F.  (3),  viii.  (1879),  p.  134  ;  but  more  especially  Suess,  in  his  great 
work  above  referred  to.  An  excellent  summary  of  the  discussion  will  be  found  in  A.  Penck’s 
*  Morphologic  der  Erdoberflache,  ’  i.  pp.  419-471,  and  ii.  pp.  525-546  ;  see  also  A.  Supan, 
‘Grundztige  der  Physischen  Erdkimde,*  pp.  278-298  ;  A.  Philippson,  “Die  Bewegungeu  der 
Erdrinde  in  der  Gegenwart,”  Geograjph.  Zeitsch.  Hettiier,  1895,  p.  204  ;  and  the  literature 
connected  with  the  emergence  of  land  in  Scandinavia  and  Finland  cited  on  p.  385. 
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"brief  notice  may  here  be  given.  Leaving  out  of  account  for  the  moineat  tlie  testimony 
of  raised  beaches  and  other  evidences  of  geologically  recent  changes  of  level,  we  may 
consider  those  cases  where  the  emergence  or  subsidence  of  land  has  been  actually 
witnessed  by  man  and  can  be  measured.  And  first  in  this  review  comes  the  classical 
district  of  the  Gulf  of  Bothnia,  wdiere  some  of  Celsius’  original  observations  were  made. 
It  has  now  been  definitely  ascertained  that  the  land  on  both  sides  of  the  southern  part 
of  that  great  inlet  is  emerging  from  the  sea.  Those  who  deny  that  the  movement  has 
been  in  the  land  account  for  the  relative  change  of  level  by  climatal  or  meteorological 
oscillations  of  the  water-level.  But  the  evidence  for  this  view,  though  plausibly  urged, 
is  not  satisfactory.  The  Scandinavian  and  Finnish  geologists  in  particular,  who  have 
had  the  best  opportunities  of  observing  the  phenomena,  have  come  to  the  conclusion  that 
they  cannot  he  accounted  for  by  any  movement  on  the  part  of  the  waters  of  the  Gulf, 
that  they  are  markedly  local  in  their  distribution,  not  extending  to  the  south  side  of 
the  Baltic  hut  well  marked  on  both  sides  of  southern  Sweden,  and  that  they  point  un¬ 
equivocally  to  a  deformation  of  the  lithosphere.  It  would  appear  that  the  movement 
has  gradually  decreased  since  the  time  of  Celsius.  A  careful  collection  of  all  the  known 
data  has  been  made  by  L.  Holmstrbm,^  from  which  we  learn  that,  at  Si'xlra  Helsi),  on  the 
west  side  of  Sweden,  fronting  the  open  Skager  llak,  there  has  been  an  uprise  in  the  fifty 
years  between  1820  and  1870  of  30  centimetres,  which  is  at  the  rate  of  60  centimetres 
or  nearly  two  feet  in  a  century.  On  the  east  coast  the  rate  has  varied  considerably. 
At  Stockholm  between  1774  and  1875  it  amounted  to  48  centimetres,  or  at  a  rate  of 
0*47  centimetre  per  annum.  Farther  north  at  Barsviken  the  rate  amounts  to  1  centi¬ 
metre  a  year,  while  in  the  Isle  of  Oland  and  in  southern  Sweden  the  rate  falls  to  a 
minimum  only  half  that  of  Stockholm.  The  facts  as  observed  point  to  a  geanticline, 
now  in  progress  of  formation,  and  a  study  of  the  old  strand-lines  shows  that  this  uplift 
has  been  in  progress  for  a  long  time,  and  has  upraised  the  axis  of  the  peninsula  to  a 
height  of  more  than  1000  feet.  Again,  on  the  coast  of  Siberia,  for  600  miles  to  the  cast 
of  the  river  Lena,  and  round  the  islands  of  Spitzbergen  and  Novaja  Zenilja,  llio  sea 
appears  to  stand  now  at  a  lower  level  with  regard  to  the  land  than  it  I'orinerly  did, 
and  lihe  uprise  of  the  land  still  continues. 

The  belief  that  alterations  now  taking  place  in  the  relative  levels  of  sea  and  land  are 
to  be  traced  to  deformation  of  the  lithosphere  rather  than  to  any  variation  of  the  surface 
of  the  hydrosphere  has  received  strong  confirmation  from  observations  made  on  the 
coast  of  Japan.  The  eastern  and  southern  sides  of  that  country  are  now  undergoing 
a  sensible  elevation,  which  shows  itself  in  the  shallowing  of  harbours,  the  uprise  of  rocks 
to  the  surface  of  the  sea  or  above  it  which  were  formerly  always  submerged,  the 
augmentation  of  the  breadth  of  beach  laid  bare  at  low  water,  the  increasing  distance 
from  shore  to  which  fishermen  have  to  go  to  find  water  of  a  certain  depth,  the  retreat  of 
the  sea  to  a  distance  of  180  feet  from  posts  to  which  ships  used  to  be  fastened,  the 
uprise  of  sea-clifFs  full  of  shell-borings  now  high  above  tide-level,  and  the  occurrence  of 
sea-worn  caves  and  hollows  and  lines  of  raised  beaches.  The  uplift  does  not  appear  to 
be  uniform,  and  is  partly  obscured  by  the  sediment  carried  into  the  sea  by  the  Sumida 
and  other  rivers.  Its  rate  also  probably  varies.  Mr.  Milne,  who  is  personally  familiar 
with  the  evidence,  affirms  that  '‘at  the  lowest  estimate  the  observations  would  indicate 
that  at  many  places  on  the  coast  of  Japan  land  has  been  emerging  from  the  w^aters  at 
the  rate  of  about  1  inch  per  year.”*^ 

On  the  other  hand,  upon  the  western  side  of  the  country  there  is  evidence  of  a 

^  K.  jSvensJe.  Vet.  Akad.  Handl.  xxii.  (1888),  No.  9.  See  also  E.  Sieger’s  paper  quoted 
on  p.  3i5.  In  Norway  there  appears  to  have  been,  on  the  whole,  no  appreciable  change  of 
level  along  the  coast  for  a  thousand,  perhaps  two  thousand  years.  Dr.  A.  M.  Hansen, 
Borges  Geol.  Tlndersog.  No.  28,  Aarbog  for  1896-99.  But  see  Reiisch,  as  cited  on  p.  387. 

2  ‘Seismology,’ p.  5;  see  also  R.  Pumpelly,  Smithson.  Contrib.  Knowledge.,  xv.  (1866), 
p.  108  ;  A,  Bickmore,  Amer.  Jomn.  Sci.  xlv,  (1868),  p.  217. 
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downward  movement  now  taking  place.  Grass-  and  rice-fields  are  replaced  by  beaches 
of  sand  or  shingle  ;  the  depth  of  the  sea  has  increased  at  rates  varying  from  1  foot  in 
16  years  to  1  foot  in  5  years  ;  rocks  have  sunk  in  the  water,  the  height  of  the  tide  has 
increased,  buildings  are  nearer  the  water  than  when  erected,  and  the  sea  is  advancing 
so  rapidly  that  the  inhabitants  are  contemplating  removal  inland.  Some  of  these 
changes  may  be  no  more  than  the  result  of  marine  erosion  ;  but  the  general  body  of 
endence  “points  to  the  conclusion  that  certain  districts,  especially  those  to  the  north 
of  Noto,  bordering  the  China  Sea,  are  slowly  sinking.”  ^ 

In  this  region  and  at  the  present  time  there  can  be  no  question  of  any  alteration  of 
the  general  level  of  the  sea.  The  varying  rate  of  emergence  on  the  east  side  of  the 
chain  of  islands  and  the  progress  of  submergence  on  the  west  side  point  to  some  unequal 
movement  or  warping  of  the  country  itself,  due  to  a  re-adjustment  of  the  solid  crust  of 
the  earth. 

On  the  east  coast  of  North  America  a  similar  emergence  is  now  taking  place  along 
the  coasts  of  Newfoundland  and  Labrador.  There  also  sunken  rocks  during  the  last 
30  or  more  years  have  come  nearer  to  the  surface  of  the  sea,  new  channels  have  had  to 
be  sought  among  the  shoals  for  the  passage  of  the  fishing-boats,  and  the  stages  erected  on 
the  shore  rocks  have  had  to  be  lengthened  again  and  again  in  order  to  float  the  small 
craft.  The  rate  of  emergence  has  not  yet  been  measured,  but  it  is  said  to  be  twice  as 
rapid  in  Northern  Labrador  as  in  Newfoundland. - 

Among  the  West  Indian  Islands,  which,  as  will  be  pointed  out  further  on,  furnish 
widespread  proof  of  recent  upheaval,  there  is  likewise  evidence  of  local  and  limited 
depression  and  even  of  oscillation  of  level.  The  Bermudas  underwent  an  uplift  by 
which  a  marine  limestone  was  raised  above  the  present  sea-level  to  a  total  height 
of  perhaps  40  or  50  feet.  Since  that  time  the  ground  has  been  sinking,  and  the 
molian  deposits  are  now  partly  submerged  and  are  attacked  by  the  waves.  At  the 
Bahamas  the  amount  of  snhsidence  is  estimated  by  Agassiz  to  be  perhaps  as  much  as 
300  feet.^ 

§  1.  Upheaval. — In  searching  for  proofs  of  movements  of  upheaval 
the  student  must  be  on  his  guard  against  being  deceived  by  any  apparent 
retreat  of  the  sea,  which  may  be  due  merely  to  the  deposit  of  gravel, 
sand,  or  mud  along  the  shore,  and  the  consequent  gain  of  land.  Local 
accumulations  of  gravel,  or  “storm  beaches,”  are  often  thrown  up  by 
storms,  even  above  the  level  of  ordinary  high-tide  mark.  In  estuaries, 
also,  considerable  tracts  of  low  ground  are  gradually  raised  above  the  tide- 
level  by  the  slow  deposit  of  mud  and  growth  of  vegetation.  The  follow¬ 
ing  proofs  of  actual  rise  of  the  land  are  chiefly  relied  on  by  geologists.^ 

Evidence  from  dead  organisms. — Rocks  covered  with  barnacles  or  other  littoral 
adherent  animals,  or  pierced  by  lithodomoiis  shells,  afford  presumptive  proof  of  the 
presence  of  the  sea.  A  single  stone  with  these  creatures  on  its  surface  would  not  he 
satisfactory  evidence,  for  it  might  have  been  cast  up  by  a  storm  ;  but  a  line  of  large 
boulders,  which  had  evidently  not  been  moved  since  the  cirripedes  and  rnolhisks  lived 
upon  them,  and  still  more  a  solid  cliff  with  these  marks  of  littoral  or  sub-littoral  life 
upon  its  base,  now  raised  above  high-wate^  mark,  would  be  sufficient  to  demonstrate  a 
change  of  level.  The  amount  of  this  change  miglit  be  pretty  accurately  determined  by 
measuring  the  vertical  distance  between  the  upper  edge  of  the  barnacle  zone  upon  the 


^  Oj).  cit.  p.  3. 

2  R.  A.  Daly,  Bidl.  Mus,  Cumjp.  ZooL  Harvard^  xxxviii.  (1902),  p.  261. 

^  Bidl.  M%s.  Cuinp.  Zool.  xxvi.  ;  xxviii.  p.  51  :  Rice,  Bull.  U.  A'.  Mus.  i.  No.  26 
(1884) ;  R.  S.  Tarr,  Amer.  Ucol.  xix.  (1897),  p.  293. 

See  “Earthquakes  and  Volcanoes  ”  (A.  G. ),  Chambers’s  Mlscdhniy  of  Brarl^, 
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upraised  rock,  and  the  limit  of  the  saihe  zone  on  the  present  shore.  By  this  kind  of 
evidence,  the  recent  uprise  of  the  coasts  of  Scandinavia,  Japan  and  other  regions,  has 
keen  proved.  The  shell-borings  on  the  pillars  of  the  temple  of  Jupiter  Serapis  in  the 
Bay  of  Naples  indicate  first  a  depression  and  then  an  elevation  of  the  ground  to  the 
extent  of  more  than  20  feet."^  Raised  coral-reefs,  formed  by  living  species  of  corals,  are 
found  on  the  coasts  of  the  Red  Sea,  wliere  they  give  evidence  of  having  grown  up  during 
a  time  of  uplift.-  Similar  reefs  are  a  conspicuous  feature  of  the  geology  of  the  West 
Indian  region.^  One  of  them  has  been  upraised  from  2  to  8  feet  above  sea-level 
all  along  the  line  of  the  Florida  “Iveys.”  Successive  stages  in  the  upheaval  are  marked 
among  the  islands  by  lines  of  terraces.  Those  of  Barhadoes,  which  are  particularly 
.striking,  consist  of  successive  reefs  of  coral,  rising  to  a  height"  of  about  IlOO  feet 
above  the  sea.  In  Jamaica  three  well-marked  terraces  of  upraised  coral  reefs  occur 
at  heights  of  10,  25  and  70  feet.  In  Cuba,  a  raised  coral-reef  occurs  at  a  height  of 
1000  or  1100  feet  above  the  sea.^  In  Peru,  modern  coral-limestone  has  been  found 
2900  or  3000  feet  above  sea-level.'’'  In  parts  of  the  Hawaiian  Islands  the  coral  reefs  have 
been  uplifted  about  20  to  25  feet.®  In  the  Solomon  Islands,  evidence  of  recent  uprise  is 
furnished  by  coral  reefs  lying  at  a  height  of  1100  feet  A  similar  evidence  occurs  among 
the  New  Hebrides  at  1500  feet,  while  elevated  coral-reefs  and  upraised  coralliferous 
limestones  abound  in  the  Fiji  Islands,  and  in  other  archipelagos  scattered  over  the  vast 
basin  of  the  Pacific  Ocean.  ^  Among  the  southern  islands  of  Japan  elevated  coral-reefs 
occur  at  many  successive  heights  from  10  to  684  feet  above  the  sea.^* 

The  elevation  of  the  sea-bottom  can  in  like  manner  be  proved  by  dead  organisms 
fixed  in  their  position  of  growtii  beneath  high-water  mark.  Thus  dead  specimens  of 
Mya  trwicata  occur  on  some  parts  of  the  coast  of  the  Firth  of  Forth  in  considerable 
numbers,  still  placed  with  their  siphuncular  end  uppermost  in  the  stiff  clay  in  whieli 
they  burrowed.  The  position  of  these  shells  is  about  high-water  mark  ;  but  a.s  their 
existing  descendants  do  not  live  above  low- water  mark,  we  may  infer  that  the  coast  has 
been  raised  by  at  least  the  difference  between  high-  and  low- water  mark,  or  18 
feet.^®  Dead  shells  of  the  large  Pholas  dactylics  occur  in  a  similar  position  near  high- 
water  mark  on  the  Ayrshire  coast.  Even  below  low- water,  examples  have  been  noted, 
as  in  the  interesting  case  observed  by  Sars  on  the  Drobaksbank  in  the  Christiania  Fjord, 
where  dead  stems  of  Ociclina  prolifera  (L.)  occur  at  depths  of  only  ten  or  fifteen  fathoms. 
This  coral  is  really  a  deep-sea  form,  living  on  the  western  and  northern  coasts  of 
Norway,  at  depths  of  one  hundred  and  fifty  to  three  hundred  fathoms  in  cold  water.  It 
must  have  been  killed  as  the  elevation  of  the  area  brought  it  up  into  upper  and  warmer 

^  Babbage,  Edin.  Phil.  Journ.  xi.  (1824),  p.  91.  J.  D.  Forbes,  JUdin.  Journ.  ScL  i. 
(1829),  p.  260.  Lyell,  ‘  Principles,’  ii.  p.  164. 

-  W.  F.  Hunie,  Congrh  Qeol.  Internal.  Paris  (1900),  p.  923. 

^  On  changes  of  level  in  this  region,  see  A.  Agassiz,  ‘  Three  Cruises  of  the  Bkd'e,  ’  2  voLs. 
1888  ;  “A  Reconnaissance  of  the  Bahamas  and  the  Elevated  Reefs  of  Cuba,”  JPill.  Mas.  Oomj). 
Zool.  Barmrd^  xxvi.  (1894) ;  “A  Visit  to  the  Bermudas  in  March  1894,”  crp.  cit.  p.  205  ;  “  The 
Florida  Elevated  Reef,”  cit.  xxviii.  (1896);  R.  T.  Hill,  “The  Geology  and  Physical 
Geography  of  Jamaica,”  op.  cit.  xxxiv.  (1899) ;  J,  W.  Spencer,  a  series  of  papers  on  West 
Indian  Islands  in  Q.  J.  O.  S.  Ivii.  (1901),  pp.  490-543. 

^  A.  Agassiz,  Amer.  Acad.  xi.  (1882),  p.  119. 

^  A.  Agassiz,  Bull.  Mus.  Comp.  Zool.  vol.  iii. 

®  W.  T.  Brigham,  M&n.  Boston  ^oc.  Nat.  Hist.  i.  (1868),  p.  344  ;  A.  Agassiz,  Bull, 
Mus.  Comp.  Zool.  xvii.  (1889),  p.  154. 

“  H.  B.  Guppy,  Nature,  3rd  January  1884. 

®  A.  Agassiz  ‘The  Islands  and  Coral-reefs  of  Fiji,”R?<f/  Mus.  Comp.  Zool.  x.xxiii.  (1899). 

®  S.  Yoshiwara,  “Raised  Coral-reefs  of  the  Riukiu  Curve,”  Journ.  Cull.  Sci.  Japan,  xvi. 
part  i.  (1901),  p.  11. 

Hugh  Millers  ‘Edinburgh  and  its  Neighbourhood,’  p.  110. 
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layers  of  water.^  It  lias  even  been  said  that  the  pines  on  the  edges  of  the  Norwegian 
snow-fields  are  dying  in  consequence  of  the  secular  elevation  of  the  land  bringing  them 
up  into  colder  zones  of  the  atmosphere. 

Any  stratum  of  rock,  on  the  surface  of  the  land,  containing  marine  organisms  which 
have  manifestly  lived  and  died  where  their  remains  now  lie,  may  be  held  to  prove  a 
change  of  level  between  sea  and  land.  In  this  way  it  can  be  shown  that  most  of  the 
solid  land  now  visible  to  us  has  once  been  under  the  sea.  High  on  the  flanks  of 
mountain-chains  (as  in  the  Alps  and  Himalayas),  undoubted  marine  shells  occur  in  the 
solid  rocks. 


Fig.  7.O.— View  of  a  line  of  ancient  Sea-cliff  pierced  at  tlie  base  with  sea-worn  Caves 
and  fronted  by  a  Raised  Beach. 


Sea-worn  Caves. — A  line  of  sea- worn  caves,  now  standing  at  a  distance  above 
high-water  mark  beyond  the  reach  of  the  sea,  affoixis  evidence  of  recent  change  of  level. 
In  the  accompanying  diagram  (Fig.  75)  examples  of  such  caves  are  seen  at  the  base 
of  the  cliff,  once  the  sea-margin,  now  separated  from 
the  tide  by  a  platform  of  meadow-land. 

Eaised  Beaches  or  Strand-lines  furnish  one 
of  the  most  striking  proofs  of  change  of  level.  A 
beach  or  space  between  tide -marks,  where  the  sea 
is  constantly  cutting  into  the  land,  grinding  down 
sand  and  gravel,  mingling  with  them  the  remains 
of  shells  and  other  organisms,  sometimes  piling  the 
deposits  up,  sometimes  sweeping  them  away  out 
into  the  opener  water,  forms  a  familiar  terrace  or 
platform  on  coast-lines  skirting  tidal  seas.  Accord¬ 
ing  to  the  character  of  the  land  surface  and  the  set 
of  the  tides  and  waves,  this  platform  may  be  a 
nearly  bare  surface  of  rock  which  has  been  levelled 
by  the  sea  between  high-  and  low-water  mark,  or  it 
may  be  formed  of  littoral  accumulations  left  upon 
such  an  underlying  surface  of  erosion.  The  same 


Fig.  7G.— Section  of  a  Raised  Beacli  com¬ 
posed  of  gravel  and  sand  (&  c)  resting 
on  upturned  .slates  (a),  and  passing  up 
into  blown  sand  (d)  compacted  by  the 
decay  of  abundant  land-sliells.  Fist- 
rail  Bay,  Cornwall  (!>.). 


strand-line  in  one  part  of  its  course,  along  an  exposed  promontory,  may  be  a  rock- 
terrace  (“seter”  of  Norway),  and  in  more  sheltered  reaches  may  consist  of  beach- 

^  Quoted  by  Vom  Rath  in  a  paper  entitled  “Aus  Norwegeii,”  Heues  Jahrh.  1869,  p. 
422.  For  another  example,  see  Gwyn  Jeffreys,  BriL  Assog.  1867,  p.  431. 
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deposits.  When  such  a  terrace,  whether  of  erosion  or  of  deposition,  or  of  i)oth,  has 
emerged  well  above  the  reach  of  the  sea,  it  forms  a  in’omineiit  feature  along  a  coast¬ 
line  (Fif^s.  75,  76,  77,  78).  The  former  high-water  mark  then  lies  at  the  inner  margin 
of  the  platform,  above  which  the  old  sea-cliff  may  rise  in  picturesipie  crags  wherein 


the  sea-worn  clefts  and  caves  are  festooned  with  vegetation.  The  beach  across  wliich 
the  tides  once  flowed  thus  furnishes  a  platform  on  which  meadows,  fields,  gardens, 
roads,  houses,  villages  and  towns  spring  up,  while  a  new  beach  is  made  below  the 
margin  of  the  uplifted  one. 


Fig.  78.— -View  of  Terraces,  Alten  Fjord,  Norway. 


A  series  of  raised  beaches  may  occur  at  various  heights  above  the  sea.  Each  terrace 
marks  a  former  lower  level  of  the  land  with  regard  to  the  sea,  and  probably  a  lengthened 
stay  of  the  land  at  that  level,  while  the  intervals  between  them  represent  the  vertical 
amount  of  each  variation  in  the  relative  levels  of  sea  and  land,  and  indicate  that  the 
interval  between  the  changes  was  probably  too  brief  for  the  formation  of  terraces.  A 
succession  of  raised  beaches,  rising  above  the  present  sea-level,  may  therefore  be  regarded 
as  pointing  to  a  former  intermittent  upheaval  of  the  country,  interrupted  by  pauses, 
during  which  the  general  level  did  not  materially  change.  On  the  hypothesis  that 
they  are  due  to  subsidence  of  the  sea-level,  it  would  be  necessary  to  believe  that  tlie 
cause  of  this  subsidence,  whatever  it  might  be,  acted  spasmodically,  the  intervals  of 
quietude  being  longer  than  those  of  activity. 

Raised  beaches  abound  in  the  higher  latitudes  of  the  northern  and  southern  hemi¬ 
spheres,  and  this  distribution  has  been  claimed  as  a  strong  argument  in  favour  of  the 
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view  that  tliej  are  due  to  a  fall  of  the  local  level  of  the  sea-surface  from  the  disappear¬ 
ance  or  diminution  of  former  ice- caps.  That  some  at  least  of  the  raised  beaches  in 
these  regions  may  be  due  to  this  cause  may  be  granted.  The  gradual  rise  of  level  of  the 
beaches  when  traced  up  the  fjords,  which  has  been  repeatedly  asserted  for  some  districts, 
would  be  the  natural  effect  of  the  greater  mass  of  ice  in  the  interior.  In  the  ex¬ 
ploration  of  the  lake  regions  of  Forth  America  numerous  instances  have  been 
described  of  a  slope  upward  of  the  former  water-levels  towards  the  main  ice-fields.  A 
remarkable  example  is  furnished  by  the  terraces  of  the  vanished  glacial  sheet  of  water 
called  Lake  Agassiz  w’hich  once  filled  the  basin  of  the  Red  River  of  the  Forth.  Mr. 
Wan’en  Upham  has  found  that  these  ancient  lines  of  water-level  gradually  rise  from 
south  to  north  and  from  west  to  east,  in  the  direction  of  the  former  ice-fields,  the 
amount  bf  slope  ranging  from  zero  to  1*3  feet  per  mile.^  Mr.  G.  K.  Gilbert  has  noticed 
a  rise  of  as  much  as  5  feet  in  a  mile  among  the  old  terraces  of  Lake  Ontario.^ 

Raised  beaches  occur  round  many  parts  of  the  coast-line  of  Britain.  De  la  Beche 
gave  the  accompanying  view  (Fig.  77)  of  a  Cornish  locality  where  the  existing  beach  is 
flanked  by  a  cliff  of  slate,  b,  continually  cut  away  by  the  sea  so  that  the  overlying  raised 
beach,  a,  c,  will  ere  long  disappear.  The  coast-line  on  both  sides  of  Scotland  is  likewise 
fringed  with  raised  beaches,  sometimes  four  or  five  occurring  above  each  other  at  heights 
of  25,  40,  50,  60,  75,  and  100  feet  above  the  present  high-water  niark.*^  Others  are  found 
on  both  sides  of  the  English  Channel.'*  The  sides  of  the  mountainous  fjords  of  Forthern 
Norway,  up  to  more  than  600  feet  above  sea-level,  are  marked  with  conspicuous  lines  of 
terraces  (Fig.  78),  which  consist  partly  of  beach  deposits,  partly  of  notches  (“seter’C  cut 
out  of  rock,  probably  with  the  aid  of  drifting  coast-ice.’'^  Proofs  of  recent  elevation  of 

*  B.  U.  S.  G.  S.  No.  39  (1887),  pp.  18,  20. 

-  Science^  i.  p.  222. 

^  For  accounts  of  some  British  raised  beaches,  see  De  la  Beche,  ‘  Report  on  Geology  of 
Devon  and  Cornwall,’  chap.  xiii. ;  C.  Maclareii,  ‘Geology  of  Fife  and  the  Lothians,’  1839  ; 

R.  Chambers,  ‘Ancient  Sea  Margins’;  Prestwich,  Q.  J.  G.  S.  xxviii.  p.  38,  xxxi.  p.  29, 
xlviii.  (1892),  p.  263  ;  R.  Russell  and  T.  V.  Holmes,  Assoc.  1876,  Sects,  p.  95  ;  Usslier, 
Geol.  Mmj.  1879,  p.  166;  A.  Dunlop,  Q.  J.  G.  S.  xlix.  (189l3),  p.  523  ;  A.  R.  Plunt,  GW. 
Mag.  1895,  p.  405  ;  R.  Tiddeman,  op.  cit.  1900,  pp.  441  and  528. 

■*  On  the  raised  beach  of  Sangatte,  near  Calais,  see  Prestwich,  B.  S.  G.  F.  (3),  viii. 
(1880),  p.  547 ;  on  those  of  Finisterre,  C.  Barrois,  A^in.  Boc.  Geol,  Nocil.  ix.  (1882). 

®  On  the  strand-lines  and  proofs  of  emergence  in  Scandinavia,  see  R.  Chambers,  ‘Tracings 
of  the  North  of  Europe’  (1850),  p.  172  et  seq.  Bravais,  ‘Voyages  de  la  Commission 
scientifique  du  Ford,  &c.,’  translated  in  Q.  J.  G.  S.  i.  p.  534.  Kjeriilf,  A.  D.  G.  G.  xxii. 
p.  1  ;  ‘Die  Geologic  des  slid,  und  mittl.  Forwegen,’  1880,  p.  7  ;  Geol.  Mag.  viii.  p.  74. 

S.  A.  Sexe,  “On  Rise  of  Land  in  Scandinavia,”  Index  Scholarum  of  Unimrsity,  Christiania, 
1872.  H.  Mbhn,  Nyt.  Mag.  Fat.  xxii.  p.  1.  Dakyns,  GW.  Mag.  1877,  p.  72.  K. 
Pettersen,  Arch.  Math.  Nat.  Christia'nia,  1878,  p.  182,  x.  (1885) ;  Geol.  Mag.  1879,  p.  298  ; 
Tromsd  Museums  Aarshefter.,  iii.  1880 ;  Sitzb.  Akad.  Wien,  xcviii.  (1889),  p.  97. 
Lehmann,  ‘  Ueber-ehemalige  Strandlinier,  &c.,’  Halle,  1879  ;  Zeitsch.  ges.  Naturiviss.  1880, 
p.  280.  A.  G.  Hogboin,  Geol.  FUr.  FUrhandl.  Stockholm,  ix.  (1887),  p.  19.  C.  Sandier, 
Petermann's  Mittheil.  xxxvi.  (1890),  pp.  209,  235.  De  Geer,  Geol.  Fbren.  Stockholm,  x. 
(1888),  p.  366  (with  a  map  of  isobasic  lines  for  Scandinavia) ;  xi.  (1890),  p.  61;  xiv.  (1892), 
p.  72;  XV.  (1893),  pp.  77,  378  ;  xvi.  (1894),  p.  639  ;  xx.  (1898),  p.  369  ;  Scerig.  Geol. 
TJndersok.  Fo.  141  (1894),  p.  15.  ‘  Om  Skandinaviens  geograph.  Utveckling’  (with  6  maps), 
Stockholm,  1896.  A.  Nathorst,  Geol.  Fbren.  Stockholm,  xii.  (1890),  p.  30  ;  ‘  Sveriges 
Geologi,’  p.  279.  Sieger,  Zeitsch.  Ges.  Erdkund.,  Berlin,  xxviii.  (1893),  pp.  1-106,  393-498. 
H.  Berghell,  Fennia.  xiii.  (1896).  A.  Badoureau,  Ann.  des  Mines,  1894,  pp.  239-275.  W. 
Ramsay,  Fennia,  xii.  (1896).  A.  Helland,  Forges  Geol.  Undersbg.  No.  28,  Aarbog  1900. 
H.  Reusch,  ‘Folk  og  Natur  i  Finmarken,’  Christiania,  1895,  pp.  8,  13,  60,  64,  130.  A. 
Hollender,  Geol.  Fbre^i.  Stockholm,  xxiii.  (1901),  p.  231.  A.  Strahan,  <2*  J-  G.  S.  liii.  (1897), 
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the  shores  of  the  Mediterranean  are  furnished  by  raided  beaches  at  various  heiglits  above 
the  present  water-level.  Stratified  sands  containing  recent  marine-shells  are  found 
up  to  a  height  of  700  feet  at  Gibraltar.^  In  Corsica  raised  beaches  have  been  noted  at 
heights  of  from  15  to  20  metres. - 

On  the  west  coast  of  South  America,  lines  of  raised  terrace  containing  recent  shells 
have  been  traced  by  Darwin  as  proofs  of  a  great  upheaval  of  that  ])art  of  the  globe  in 
modern  geological  time.  The  terraces  are  not  quite  horizontal,  but  rise  towards  the 
south.  On  the  frontier  of  Bolivia,  they  occur  at  from  65  to  80  feet  above  the  existing  sea- 
level,  but  nearer  the  higher  mass  of  the  Chilian  Andes  they  are  found  at  1000,  and  near 
Valparaiso  at  1300  feet.  That  some  of  these  ancient  sea-margins  belong  to  the  human 
period  was  shown  by  IMr.  Darwin’s  discovery  of  shells  witli  bones  of  birds,  ears  of 
maize,  plaited  reeds  and  cotton  thread,  in  one  of  the  terraces  opposite  Callao  at  a  height 
of  85  feet.'*  Raised  beaches  occur  in  New  Zealand,  and  indicate  a  greater  change  of 
level  in  the  southern  than  in  the  northern  part  of  the  country.'^  It  sliould  l)c  observed 
that  this  increased  rise  of  the  terraces  polewards  occurs  both  in  the  northern  and 
southern  hemispheres,  and  is' another  of  the  facts  insisted  upon  by  those  who  would 
explain  the  terraces  by  displacements  of  the  sea  rather  than  of  the  land. 

The  evidence  furnished  by  strand-lines  in  favour  of  the  view  that  the  emergence 
of  land  has  in  the  main,  if  not  entirely,  been  due  to  ujdift  of  the  lithosjdiere, 
rather  than  to  variations  in  the  surface  of  the  hydrosphere,  is  greatly  strengthened 
by  the  proofs  which  have  been  obtained  that  the  movement  has  not  been  uniform 
even  within  comparatively  short  distances.  This  important  observation  has  been 
established  by  Baron  De  Geer  and  other  observers  in  the  south-east  of  ycandinavia  and 
the  southern  half  of  the  Gulf  of  Bothnia.  It  has  there  been  ascertained  that  the  land 
has  been  upraised  with  a  maximum  elevation  rather  more  than  1000  feet  in  the  centrfi 
of  the  peninsula.  De  Geer  has  traced  lines  of  equal  deformation  round  this  centre,  ami 
has  found  that  these  lines  {isobases)  group  themselves  in  concentric  circles,  showing  a 
tolerably  regular  decrease  in  height  in  every  direction  toward  the  perii)heral  part  of  the 
region  until  the  line  for  zero  is  reached,  outside  of  which  no  sign  of  upheaval  is  to  be 
found.^  Further  evidence  to  the  same  effect  is  supplied  by  Dr.  Helland,  who  has  found 
by  careful  measurement  in  the  Tromso  district  that  the  two  raised  beaches  so  well  dis¬ 
played  there  have  a  sea-ward  inclination,  which  in  the  case  of  the  upper  beach  amounts 
to  about  three  minutes,  and  in  the  lower  to  about  one  minute.  The  dip  is  nearly  at 
right  angles  to  the  trend  of  the  coast,  so  that  it  veers  from  a  westerly  direction  in  tht^ 
south  to  northerly  in  the  north.  The  uplift  was  evidently  diminishing  in  rate,  as  shown 
by  the  dip  being  three  times  greater  in  the  older  terrace  than  in  the  younger.^* 

Further  support  of  the  view  that  the  movement  has  had  its  origin  in  the  land  and 
not  in  the  sea,  is  supplied  by  the  observations  of  De  Geer  on  changes  of  level  in  the  shore¬ 
lines  around  the  inland  lakes  of  Southern  Sweden.  He  has  obtained  evidence  that 
those  lakes  which  have  their  outlets  in  the  direction  away  from  the  area  of  greatest 

p.  137.  J.  H.  Vogt,  Nurges  GeoL  XJudersUg.  No.  29  (1900).  The  evidence  of  uprise  is 
contested  by  Suess,  who  endeavours  to  prove  that  the  terraces  in  Northern  Scandinavia  were 
made  in  ice-dammed  fjords,  and  that  the  alleged  proofs  of  uprise  in  the  Gulf  of  Bothnia  nmy 
be  explained  by  changes  in  the  level  of  the  water  due  to  climatological  causes.  Bee  (thaps.  viii. 
and  X.  of  the  ‘  Antlitz  der  Erde  ’  or  ‘  Pace  de  la  Terre.  ’ 

^  James  Smith,  Q.  J.  G.  S.  ii.  (1846),  p.  41.  G.  Maw,  Oeol.  Mag.  vii.  (1870),  p.  552. 
A.  0.  Ramsay  and  J.  Geikie,  Q.  /.  G.  S.  xxxiv.  (1878),  p.  521. 

2  Bull.  Soc.  G'eol.  France  (3),  iv.  p.  86.  On  recent  changes  of  level  along  the  shores  of 
Italy,  see  A.  Issel,  Gongr.  Geog.  ItaL  1896,  p.  165. 

^  ‘Geological  Observations,’  chap.  ix.  See  GeoL  Mag.  1877,  p.  28. 

Haast’s  ‘Geology  of  Canterbury,’  1879,  p.  366. 

^  See  his  papers  on  Scandinavian  Strand-lines  cited  on  the  foregoing  page. 

®  Forges  Ged.  XIndersdg.  No.  28,  Aarbog  1900. 
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elevation  have  undergone  an  uplift  at  their  upper  ends,  deltas  and  lake  deposits 
being  now  above  the  level  of  the  water.  The  tilting  of  the  ground  around  Lake  Yenerii 
is  estimated  by  him  to  have  been  about  13  metres  towards  the  south.  Some  of  the 
lakes  have  in  this  way  been  half  emptied.  On  the  other  hand,  those  lakes  which  have 
their  outflow  towards  the  region  of  greatest  elevation  have  undergone  a  submergence  ot 
their  upper  ends,  which  in  the  case  of  Lake  A^ettern  is  estimated  at  10  metres.^ 

A  similar  inland  warping  has  been  detected  in  the  interior  of  Canada  and  the 
United  States  in  the  region  of  the  great  lakes.  It  has  there  been  ascertained  that  a 
movement  of  elevation  is  now  going  on  to  the  north  and  north-east  of  the  lakes,  where¬ 
by  the  region  occupied  by  these  great  bodies  of  water  is  being  tilted  towards  the  south¬ 
west. Observations  at  intervals  of  from  twenty  to  thirty-seven  years  indicate  a  mean 
rate  of  uplift  of  rather  less  than  six  inches  in  a  century.  The  effect  of  this  move¬ 
ment  is  to  raise  the  shore-lines  that  lie  to  the  north  of  the  outlets,  and  to  submerge 
those  that  lie  to  the  south-west.  As  the  whole  body  of  Lake  Huron  is  on  the  north 
side  of  the  line  (isobase)  its  shores  are  everywhere  rising.  In  Lake  Michigan,  on  the 
other  hand,  the  shores  of  the  southern  half,  which  is  situated  to  the  south  of  the  line, 
are  steadily  being  submerged.  The  rise  of  the  water  at  Milwaukee  is  estimated  at  5  or 
6  inches  in  a  century,  and  at  Chicago  between  9  and  10  inches. 

If  this  movement  should  continue,  remarkable  changes  in  the  hydrography  of  the 
region  will  be  brought  about.  At  the  present  rate  of  tilting  the  water  of  Lake 
Aliehigan  in  some  500  or  600  years  will  have  submerged  the  site  of  the  present  city  of 
Chicago,  and  will  have  risen  up  to  the  level  of  the  low  watershed  where  the  streams 
drain  into  the  Mississippi.  “'In  about  2000  years  the  discharge  from  Lake  Michigan- 
Hiiron-Erie,  which  will  then  have  substantially  the  same  level,  will  be  equally  divided 
between  the  western  outlet  at  Chicago  and  the  eastern  at  Buffalo.  In  2500  years  the 
Niagara  River  will  have  become  an  intermittent  stream,  and  in  3000  years  all  its  water 
will  have  been  diverted  to  the  Chicago  outlet,  the  Illinois  River,  the  Mississippi  River, 
and  the  Cfulf  of  Mexico.” ^ 

Human  Records  and  Traditions. — In  coiuitries  which  have  been  long  settled 
by  a  human  population,  it  is  sometimes  possible  to  prove,  or  at  least  to  render  probable, 
the  fact  of  recent  change  of  level  by  reference  to  tradition,  to  local  names,  and  to  works 
of  human  construction.  Some  of  these  sources  of  evidence  have  already  been  cited. 
Thus  })iers  and  harbours,  if  now  found  to  stand  above  the  upper  limit  of  high-water, 
furnish  indisputable  evidence  of  an  emergence  of  land  since  their  erection.  Numerous 
proofs  of  a  recent  change  of  level  in  the  coast  of  the  Arctic  Ocean  from  Spitzbergen 
eastward  have  been  observed.  The  shores  of  the  Gulf  of  Bothnia,  as  above  referred  to, 
have  undergone  an  appreciable  uplift  within  the  last  century,  at  Stockholm  the 
amount  having  been  48  centimetres  (18-|  inches).  R.  Sieger  is  of  opinion  that  the 
elevation  was  at  its  maximum  rate  when  Celsius  began  his  survey  in  the  early  part  of 
the  eighteenth  century,  and  that  it  has  since  then  diminished.  In  Finmarken  at 
Boxkop,  Alten,  an  iron  bolt  fixed  on  the  cliff,  and  said  to  have  marked  the  upper 
limit  of  the  zone  of  sea-weed  at  the  time  of  the  Bravais  exi)edition  (1844),  is  now  1*20 
metre  (nearly  four  feet)  above  the  same  limit  at  the  present  day."^  At  Spitsbergen, 
besides  its  raised  beaches,  bearing  witness  to  previous  elevations,  small  islands  which 
existed  two  hundred  years  ago  are  now  joined  to  larger  portions  of  land.  At  Novaja 

^  Sverig.  Geol.  Undersokn.  AfhandL  No.  141. 

-  J.  W.  Spencer,  Trans,  Hoy,  Soc.  Canada,  1889,  p.  132  ;  Anier.  Journ.  HcL  xl.  (1890), 
p.  443  ;  xli.  (1891),  pp.  12-201  ;  xlvii.  (1894),  p.  207  ;  xlviii.  (1894),  p.  455.  G.  K.  Gilbert, 
National  Geograph.  Mag.,  Washington,  September  1897  ;  Ann.  Hep.  U.  K  G.  H.  ])art 
ii.  (1898),  p.  601. 

^  G.  K.  Gilbert,  Nat.  Geog.  Mag.  ut  supra,  p.  247.  J.  W.  Si)encer,  Anier.  Jour.  Sci. 
xlviii.  (1894),  p.  472. 

H.  Reusch,  ‘  Polk  og  Natur  i  Finmarken,’  p.  8. 
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Zemlia,  where  six  raised  beaches  were  found  by  NordenshjiM,  the  highest  being  600  feet 
above  sea-level,^  tliere  seems  to  have  been  a  rising  of  the  sea-bottom  to  the  extent  of 
100  feet  or  more  since  the  Dutch  expedition  of  1594.  On  the  north  coast  of  Siberia  the 
island  of  Diomida,  observed  in  1760  by  Chalaonrof  to  the  east  of  Cape  feviatoj,  was 
found  by  Wrangel  sixty  years  afterwards  to  have  been  united  to  the  mainland.^ 

§  2.  Subsidence. — It  is  more  difficult  to  trace  a  downward  move¬ 
ment  of  land,  for  the  evidence  of  each  successive  sea-margin  is  carried 
down  and  washed  away  or  covered  up.  The  student  will  take  care  to 
guard  himself  against  being  misled  by  mere  proofs  of  the  advance  of  the 
sea  on  the  land.  In  the  great  majority  of  cases,  where  such  an  advance 
is  taking  place,  it  is  due  not  to  subsidence  of  the  land,  but  to  erosion 
of  the  shores.  It  is,  indeed,  the  converse  of  the  deposition  above 
mentioned  (p.  381)  as  liable  to  he  mistaken  for  proof  of  upheaval.  The 
results  of  mere  erosion  by  the  sea,  however,  and  those  of  actual  de¬ 
pression  of  the  level  of  the  land,  cannot  always  be  distinguished  without 
some  care.  The  encroachment  of  the  sea  upon  the  land  may  involve  the 
disappearance  of  successive  fields,  roads,  houses,  villages,  and  even  whole 
p)arishes,  without  any  actual  change  of  level  of  the  land.  Moreover, 
certain  causes,  referred  to  below,  may  come  into  operation  to  produce  an 
actual  submergence  of  land  without  any  real  subsidence  of  the  land 
itself.  The  following  kinds  of  evidence  are  usually  cited  to  prove 
subsidence. 

Submerged  Forests. — As  the  land  is  brought  within  reach  of  the  waves,  and  its 
characteristic  surface-features  are  effaced,  the  submerged  area  may  retain  little  or  no 
evidence  of  its  having  been  a  land-surface.  It  will  be  covered,  as  a  rule,  with  sca-worn 
sand  or  silt.  Hence,  no  doubt,  the  reason  why,  among  tlie  marine  strata  which  form 
so  much  of  the  stratified  portion  of  the  earth’s  crust,  and  contain  so  many  proofs  of 
depression,  actual  traces  of  land-surfaces  are  comparatively  rare.  It  is  only  under  very 
favourable  circumstances,  as,  for  instance,  where  the  area  is  sheltered  from  prevalent 
winds  and  waves,  and  where,  therefore,  the  surface  of  the  land  can  sink  tranquilly 
under  the  sea,  that  fragments  of  that  surface  may  be  preserved  under  overlying  marine 
accumulations.  It  is  in  such  places  that  “submerged  forests  ”  occur  (Fig.  79).  These 
are  stumps  of  trees  still  in  their  positions  of  growth  in  their  native  soil,  often  asso¬ 
ciated  wdth  beds  of  peat,  full  of  tree-roots,  hazel-nuts,  branches,  leaves  and  other 
indications  of  a  terrestrial  surface.  There  is  sometimes,  however,  considerable  risk  of 
deception  in  regard  to  the  nature  and  value  of  such  evidence  of  depression.  Where, 
for  instance,  shingle  or  sand  is  banked  up  against  a  shore  or  river-mouth,  considerable 
spaces  may  he  enclosed  and  filled  with  fresh  water,  the  bottom  of  which  may  be  some 
way  below  high-water  mark.  In  such  lagoons  terrestrial  vegetation  and  ddbris  from 
the  land  may  be  deposited.  Eventually,  if  the  protecting  barriers  should  be  cut  away 
the  tides  may  flow  over  the  layers  of  terrestrial  peat,  giving  a  false  appearance  of 

^  Xature,  xv.  p.  123. 

^  Grad,  Bull.  Soc.  Giol.  France^  3rd  ser.  ii.  p.  348.  Traces  of  oscillations  of  level 
within  historic  times  have  been  cited  from  the  Netherlands,  Flanders,  and  Upper  Italy. 
Bull.  Soc.  mol.  France,  2nd  ser,  xix,  p.  556  ;  3rd  ser.  ii.  pp.  46,  222  ;  Ann.  Soc.  Giol 
Kard.  v.  p.  218.  For  alleged  changes  of  level  in  the  estuary  of  the  Garonne,  see  Artignes, 
AciJ.  Soc.  Linn.  Bordeaux,  xxxi.  (1876),  p.  287  ;  and  Delfortrie,  ibid,  xxxii.  p.  79.  It  must 
be  admitted  that  some  of  the  supposed  proofs  of  such  changes  are  inconclusive  or  even 
founded  on  erroneous  observation  and  deduction.  See  the  discussion  of  the  evidence  by 
Professor  Suess  in  his  work  already  quoted. 
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subsidence.  Again,  owing  to  removal  of  subterranean  sandy  deposits  by  springs,  over- 
lying  peat-beds  may  sink  below  sea-level.^  There  can  be  little  doubt  that  many  of  the 
submerged  forests  of  western  Europe,  which  have  been  cited  as  proofs  of  subsidence,  are 
to  be  thus  explained. 

De  la  Beche  has  described,  round  the  shores  of  Devon,  Cornwall,  and  western 
Somerset,  a  vegetable  accumulation,  consisting  of  plants  of  the  same  species  as  those 
which  now  grow  freely  on  the  adjoining  land,  and  occurring  as  a  bed  at  the  mouths  of 
valleys,  at  the  bottoms  of  sheltered  bays,  and  in  front  of  and  under  low  tracts  of  land, 
of  which  the  seaward  side  dips  beneath  the  present  level  of  the  sea.^  Over  this  sub¬ 
merged  land-surface,  sand  and  silt  containing  estuarine  shells  have  generally  been 


A  platform  of  older  rocks  (e  e)  lias  been  covered  with  soil  (d  d)  on  which  trees  (a  a  a  (()  have  established 
themselves.  In  course  of  time,  after  some  of  the  trees  had  fallen  (Jb),  and  a  quantity  of  vegetable 
soil  had  accuninlated,  enclosing  here  and  there  the  bones  of  deer  and  oxen  (c  c),  the  area  sank,  and 
the  sea  overflowing  it  threw  down  upon  its  surface  sandy  or  muddy  deposits  (//). 

deposited,  whence  we  may  infer  that,  in  the  submergence,  the  valleys  hist  became 
estuaries,  and  then  sea-hays.  If  now,  in  the  course  of  ages,  a  series  of  such  submerged 
forests  should  be  formed  successively  one  over  the  other,  and  if,  dually,  they  should, 
by  upheaval  of  the  sea-bottom,  be  once  more  laid  dry,  so  as  to  be  capable  of  examina¬ 
tion  by  boring,  well-sinking,  or  otherwise,  they  would  prove  a  former  long-continued 
depression,  with  intervals  of  rest.  These  intervals  would  he  marked  by  the  buried 
forests,  and  the  progress  of  depression  by  the  strata  of  sand  and  mud  lying  between 
them.  In  short,  the  evidence  would  be  strictly  on  a  parallel  with  that  furnished  by  a 
succession  of  raised  beaches  as  to  a  former  protracted  intermittent  elevation. 

Such  a  record  of  subsidence  has  been  found  at  Barry  on  the  north  coast  of  the 
Bristol  Channel,  where  four  beds  of  peat  full  of  terrestrial  vegetation  and  clays  con¬ 
taining  fresh-water  shells  were  met  with  in  making  a  dock  at  that  place.  At  least  four 
terrestrial  surfaces  lie  below  mean  sea-level,  indicating  a  subsidence  of  not  less  than  55 
feet  since  the  earliest  of  them  was  overflowed  by  the  sea.^ 

^  See  a  paper  by  G.  H.  Morton  {GeoL  Mafj.  1892,  p.  432),  in  wliich  he  assigned  the 
subterranean  erosion  of  the  glacial  drift  as  a  probable  cause  of  submerged  peat  and  forest- 
beds. 

Geology  of  Devon  and  Cornwall,”  Mem.  GeoL  Survey.  For  further  accounts  of 
British  submerged  forests,  see  Q.  J.  Geol.  Soc.  xxii.  p.  1  ;  xxxiv.  p.  447  ;  GeoL  Mag.  vi. 
p.  76;  vii.  p.  64;  iii.  2nd  ser.  p.  491  ;  vi.  pp.  80,  251.  Mr.  D.  Pidgeon  has  argued  in 
favour  of  the  submerged  forest  of  Torbay  having  been  formed  without  subsidence  of  the 
laud.  Quart.  Journ.  Geol.  Soc.  xli.  (1885),  p.  9.  See  also  W.  Shone,  uj).  cit.  xlviii. 
(1892),  p.  96. 

^  A.  Strahan,  Q.  J.  G.  S.  Iii.  (1896),  p.  474.  Many  descriptions  have  been  published  of 
the  “submerged  forests”  of  the  British  coasts.  Those  of  England  are  briefly  referred  to  in 
Mr.  H.  B.  Woodward’s  ‘  Geology  of  England  and  Wales.’  Mr.  Mellard  Beade  has  noted 
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Along  the  coasts  of  Holland  and  the  north  of  France,  submerged  beds  of  peat  have 
been  regarded  as  proofs  of  submergence  during  historic  times.  The  amount  of  ehaiigo 
varies  considerably  in  different  places,  and  here  and  there  can  hardly  be  appreciated. 
The  sinking  during  the  350  years  preceding  1850  is  estimated  to  have  amounted  in  the 
polders  of  Groningen  to  a  mean  annual  rate  of  8  millimetres.^  In  the  north  of  h  ranee. 

numerous  examples  of  submerged  forests  have  been  observed.  In  1846,  in  digging  the 

harbour  of  St.  Servan,  near  St.  Male,  a  Gaulish  cemetery  containing  oriumients  and 
coins,  and  resting  on  a  still  more  ancient  prehistoric  cemetery,  was  met  with  at  a  level 
of  6  metres  below  the  level  of  high  tide,  so  that  the  submergence  must  have  been  at 
least  to  that  extent.- 

Coral-islands. — Evidence  of  widespread  depression,  over  the  area  ot  the  Paciiic 
and  Indian  Oceans,  has  been  adduced  from  the  structure  and  growth  of  coral-reefs  and 
islands.  Mr.  Darwin,  many  years  ago,  stated  his  belief  that,  as  the  reef-building  corals 
do  not  live  at  depths  of  more  than  20  to  30  fathoms,  and  yet  their  reefs  rise  out  of  deep 
water,  the  sites  on  which  they  have  formed  these  structures  must  have  subsided,  the 
rate  of  subsidence  being  so  slow  that  the  upward  growth  of  the  reefs  has  on  the  whole 
kept  pace  with  it.^  More  recent  researches,  however,  show  that  the  pheiioniena  of  coral- 
reefs  are  in  some  cases,  at  least,  capable  of  satisfactory  explanation  without  subsidence, 
and  hence  that  their  existence  can  no  longer  be  adduced  by  itself  as  a  deinonstratioii 
of  the  subsidence  of  large  areas  of  the  ocean. ^  The  formation  of  coral-reefs  is  described 
in  Book  III.  Part  II.  Sect,  iii.,  and  Mr.  Darwin’s  theory  is  there  more  fully  explained. 

Distribution  of  Plants  and  Animals. — Since  the  appearance  of  Edward  Forbes’s 
essay  upon  the  connection  between  the  distribution  of  the  existing  fauna  and  flora  of  the 
British  Isles,  and  the  geological  changes  which  have  affected  that  area,*'*  iniKih  attention 
has  been  given  to  the  evidence  furnished  by  the  geographical  distribution  of  plants  and 
animals  as  to  geological  revolutions.  In  some  cases,  the  former  existence  of -land  now 
submerged  has  been  inferred  with  considerable  confidence  from  the  distribution  of  living 
organisms,  although,  as  Mr.  Wallace  has  shown  in  the  case  of  the  supposed  “  Lemuria,” 

evidence  of  oscillations  of  level  in  the  neighbourhood  of  Liverpool,  Oeol.  Mag.  1896,  j).  488. 
The  sunk  forests  of  Central  Scotland  are  discussed  by  me  in  the  GeoL  Svrr.  Me'jnoir  ou  Eastern 
Fife,  1902,  p.  316. 

^  Lorie,  Archixes  dn  Mtisee  Teyler,  slt.  ii.  vol.  lii.  part  5  (1890),  p.  421.  Lavaleye, 
‘Affaissement  dii  Sol  et  envasemeiit  des  Fle\ives,  survenus  dans  les  temps  historique.s,’ 
Brussels,  1859.  Grad,  Bidl.  Soc.  GeoL  Fnince^  ii.  (3rd  ser.),  p.  46.  Arends,  ‘Physische 
Gesehichte  der  Nordseekiiste,’  1833.  Compare  also  R.  A.  Peacock  on  ‘  Pliysical  and 
Historical  Evidences  of  vast  Sinkings  of  Land  on  the  North  and  West  Coasts  of  France,  &e.,’ 
London,  1868.  For  submerged  peat-beds  on  French  coast,  see  A.  Gaspard,  An)i.  >Sbc.  (Uol, 
Nonl,  1870-74,  p.  40.  On  oscillations  of  French  coast,  T.  Girard,  Bull.  Anr.  (Meafirayh. 
Paris,  sth.  6,  vol.  x.  p.  225  ;  E.  Delfortrie,  Act.  Soc.  Lvtui.  Bordeaax.  ser.  4,  vol.  i.  p.  79. 

^  Lorie,  ut  supra,  p.  438.  But  see  Suess,  ‘  Antlitz  der  Erde,’  ii.  p.  547.  Evidence  of  recent 
submergence  has  been  collected  in  all  parts  of  the  globe,  and  reliance  has  l)een  generally 
placed  on  the  testimony  of  ‘‘  submerged  forests  ”  in  favour  of  subsidence  of  the  laud.  From 
what  has  been  said  in  the  text,  it  is  obvious  that  the  evidence  in  each  case  must  he  teste*  I 
with  reference  to  the  local  conditions.  Messrs.  Pv,.  Etheridge,  jiin.,  and  Edgeworth  Davhl 
have  in  this  way  critically  examined  the  evidence  of  changes  of  level  in  New  South  Wales, 
and- have  described  a  proof  of  subsidence  near  Sydney;  Journ.  Roy.  Soc.  S.  H..  U'aleSf 
vol.  XXX.  (1896). 

See  Darwin’s  ‘Coral  Islands,’  Dana’s  ‘Corals  and  Coral  Islands,’  and  the  works  cited 
under  “  Coral-reefs,”  p.  612.  The  various  theories  on  the  subject  are  discusscid  by 

R.  Langenbeck  in  his  ‘Theorien  fiber  die  Entstebung  der  Koralleninselu  und  Koralloririlfe,^ 
1890. 

See  Proc.  Roy.  Phys.  Soc.  Edinburgh,  viii.  p.  1. 

®  Mem.  GeoL  Sitrvey,  i.  (1846),  p.  336. 
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some  of  the  inferences  have  been  unfounded  and  unnecessary.^  The  present  distribution 
of  plants  and  animals  is  only  intelligible  in  the  light  of  former  geological  changes.  As 
a  single  illustration  of  the  kind  of  reasoning  from  present  zoological  groupings  as  to 
former  geological  subsidence,  reference  may  be  made  to  the  fact,  that  while  the  fishes 
and  mollusks  living  in  the  seas  on  the  two  sides  of  the  Isthmus  of  Panama  are  on  the 
whole  very  distinct,  a  few  shells  and  a  large  number  of  fishes  are  identical  ;  whence  the 
inference  has  been  drawn  that  though  a  broad  water-channel  originally  separated  North 
and  South  America  in  Miocene  times,  a  series  of  elevations  and  subsidences  has  since 
occurred,  the  most  recent  submersion  having  lasted  but  a  short  time,  allowing  the 
passage  of  locomotive  fishes,  yet  not  admitting  of  much  change  in  the  comparatively 
stationary  mollusks.- 

Fjords. — An  interesting  proof  of  an  extensive  depression  of  the  north-west  of  Europe 
is  furnished  by  the  fjords  or  sea-lochs  by  which  that  region  is  indented.  A  fjord  is  a 
long,  narrow,  and  often  singularly  deep  inlet  of  the  sea,  which  terminates  inland  at  the 
mouth  of  a  glen  or  valley.  The  word  is  Norwegian,  and  in  Norway  fjords  are  character¬ 
istically  developed.  The  English  word  “firth,”  however,  is  the  same,  and  the  western 
coasts  of  the  British  Isles  furnish  many  excellent  examples  of  fjords,  such  as  the  Scottish 
Loch  Hourii,  Loch  Nevis,  Loch  Fyne,  Gareloch  ;  and  the  Irish  Lough  Foyle,  Lough 
Swilly,  Bantry  Bay,  Dunmanus  Bay.  Similar  indentations  abound  on  the  west  coast  of 
British  North  America  and  of  the  South  Island  of  New  Zealand.  Some  of  the  Alpine 
lakes  (Lucerne,  Garda,  Maggiore,  and  others),  as  well  as  many  in  Britain,  are  inland 
examples  of  fjords. 

There  can  be  little  doubt  that,  though  now  filled  with  salt  water,  fjords  have  been 
originally  land-valleys.  The  long  inlet  was  first  excavated  as  a  valley  or  glen.  The 
adjacent  valley  exactly  corresponds  in  form  and  character  with  the  hollow  of  the  fjord, 
and  must  be  regarded  as  merely  its  inland  prolongation.  That  the  glens  have  been 
excavated  by  siibaerial  agents  is  a  conclusion  borne  out  by  a  great  weight  of  evidence, 
which  will  be  detailed  in  later  parts  of  this  volume.  If,  therefore,  we  admit  the  sub¬ 
aerial  origin  of  the  glen,  we  must  also  grant  a  similar  origin  to  its  seaward  prolongation. 
Evan-y  fjord  will  thus  mark  the  site  of  a  submerged  valley.  This  inference  is  confirmed 
by  the  fact  that  fjords  do  not,  as  a  rule,  occur  singly,  hut,  like  glens  on  land,  lie  in 
groups  ;  so  that,  when  found  intersecting  a  long  line  of  coast,  such  as  that  of  the  west 
of  Norway  or  the  west  of  Scotland,  they  show  that  the  sea  now  runs  far  up  and  fills 
submerged  glens.’* 

Human  Constructions  and  FTistorical  Records. — Should  the  sea  be  observed 
to  rise  to  the  level  of  roads  and  buildings  which  it  never  used  to  touch,  should  former 
half- tide  rocks  cease  to  be  visible  even  at  low  water,  and  should  rocks,  previously  above 
the  reach  of  the  highest  tide,  be  turned  first  into  shore-reefs,  then  into  skerries  and 
islets,  we  infer  that  the  coast-line  is  sinking.  Reference  has  above  been  made  to  proofs 
of  this  nature  furnished  by  the  west  coast  of  Japan.  Similar  evidence  is  found  in 
Scania,  the  most  southerly  part  of  Sweden.  Streets,  built  of  course  above  high-water 
mark,  now  lie  below  it,  with  older  streets  lying  beneath  them,  so  that  the  subsidence  is 
of  some  anti(puty.  A  stone,  the  position  of  which  had  been  exactly  determined  by 

^  ‘Island  Life,’  1880,  p.  394.  In  this  work  the  qne.stion  of  distribution  in  its  geological 
relations  is  treated  with  admirable  lucidity  and  fulness. 

A.  R.  Wallace,  ‘Geographical  Bistribiitioii  of  Aniinals,’  i.  pp.  40,  76. 

^  See  on  the  submerged  valleys  of  Scotland,  A.  G.,  ‘Scenery  of  Scotland,’  3rd  edit. 
1900  ;  those  of  South  Wales,  Devon,  and  Cornwall,  Mr.  Codringtoii,  Q.  J.  S.  liv.  (1898), 
p.  251.  The  line  of  ancient  .submerged  valleys  can  be  traced  by  the  soundings  over  the 
floor  of  the  North  Sea  (J.  Murray,  i/m.  Rroc.  Inst.  Civ.  Eng  in.  xx.  1861).  Professor 
Hull  has  endeavoured  to  trace  the  prolongation  of  the  river  valleys  of  Western  Europe 
across  the  submerged  continental  platform,  and  Mr.  Hudleston  has  discussed  the  subniariiie 
topography  of  that  region,  Qeol.  Mag.  1899.  pp.  97,  145. 
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Linn^us  in  1749,  was  found  after  87  years  to  be  100  feet  nearer  the  water’s  odgoJ  The 
west  coast  of  Greenland,  for  a  space  of  more  than  600  miles,  is  perceptibly  sinking.  It 
has  there  been  noticed  that,  over  ancient  buildings  on  low  shores,  as  well  as  over  entire 
islets,  the  sea  has  risen.  The  Moravian  settlers  have  been  more  than  once  driven  to 
shift  their  boat-poles  inland,  some  of  the  old  poles  remaining  visible  under  water.- 
Historical  evidence  likewise  exists  of  the  subsidence  of  ground  in  Holland  and  Belgium. 
On  the  coast  of  Dalmatia,  Roman  roads  and  villas  are  said  to  be  visible  below  the  sea.*^ 

§  3.  Causes  of  Upheaval  and  Subsidence  of  Land.^ — While  changes 
in  the  level  of  the  land,  whether  sudden  or  secular,  must  be  traced  back 
mainly  to  consequences  of  the  internal  heat  of  the  earth,  there  arc  various 
ways  in  which  this  cause  may  act.  As  rocks  expand  when  heated,  and 
contract  on  cooling,  we  may  suppose  that,  if  the  crust  underneath  a  tract  of 
land  has  its  temperature  slowly  raised,  as  no  doubt  takes  place  round  areas 
of  nascent  volcanoes,  while  the  magma  is  being  squeezed  upward,  a  gradual 
uprise  of  the  ground  above  will  be  the  result.  The  gradual  transference 
of  the  heat  to  another  quarter  may  produce  a  steady  subsidence.  Basing 
on  the  calculations  of  Colonel  Totten,  cited  on  p.  401,  Lyell  estimated 
that  a  mass  of  red  sandstone  one  mile  thick,  having  its  temperature 
augmented  200°  Fahr.,  would  raise  the  overlying  rocks  10  feet,  and  that 
a  portion  of  the  earth's  crust  of  similar  character  50  miles  thick,  with  an 
increase  of  600°  or  800°,  might  produce  an  elevation  of  1000  or  1500 
feet.^  But  this  computation,  as  Mr.  Mellard  Reade  has  pointed  out, 
takes  account  only  of  linear  expansion.  If  from  any  cause  the  mass  of 
rock  whose  temperature  was  augmented  could  not  expand  horizontally,  it 
would  rise  vertically ;  and  unless  some  of  the  surplus  volume  could  be 
disposed  of  by  condensation  of  the  rock,  the  uprise  would  be  three  times 
as  much  as  the  linear  extension.  Taking  this  view  of  the  case,  he  finds 
that  a  mass  of  the  earth’s  crust  twenty  miles  thick,  heated  lOCO'"  Fahr., 
and  prevented  from  extending  laterally,  would  rise  1650  feet.^  He  has 
accordingly  sought  in  this  cause  an  explanation  of  the  origin  of  mountain 
ranges,  and  of  the  complicated  geological  structure  which  they  present. 

^  According  to  Erdmann,  tlie  subsidence  has  now  ceased,  or  has  even  been  exchanged  for 
an  upward  movement  {Geol.  For.  Stockholm  Forhandl.  i.  p.  93).  Nathorst  also  thinks  that 
Scania  is  now  sharing  in  the  general  elevation  of  Scandinavia  [ibid.  p.  281 ;  ‘  Sveriges  Geologi,’ 
p.  267).  It  appears  that  the  zero  of  movement  now  passes  through  Bornholm  and  Laaland. 

These  observations,  which  were  generally  accepted  for  more  than  a  generation  {Proc.  Geol. 
Soc.  ii.  (1835),  p.  208),  have  been  called  in  question,  but  the  alleged  disproof  is  not  convincing, 
and  they  are  here  retained  as  worthy  of  credence.  See  Suess,  Vcrhmul.  Geol.  ReieJmt rmUdU 
1880,  No.  11,  and  ‘  Antlitz  der  Erde,’  ii.  p.  415  et  seq. 

Boll.  Com.  Geol.  Ital.  1874,  p.  67. 

Major  Powell  proposed  the  use  of  the  term  “  diastrophisin  ”  to  denote  all  the  processes 
of  deformation  of  the  earth’s  crust.  Elevation,  subsidence,  plication  and  fracture  are  all 
diastrqphic.  Mr.  Gilbert  has  further  subdivided  diastrophisin  into  arogeoiy  or  mountain- 
making  and  e;peiTogeny  or  continent-making.  Orogenic  movements  are  displayed  in  the 
narrower  waves  of  uplift  in  the  terrestrial  crust,  and  are  associated  with  the  more  energetic 
manifestations  of  diastrophisni,  while  the  epeirogenic,  so  far  as  known  to  us,  are  rather  dis¬ 
played  in  slow  secular  deformation  of  the  crust.  “Lake  Bonneville,”  Monog.  No.  i. 
U.  S.  G.  S.  pp,  3,  340. 

^  ‘  Principles,  ’  ii.  p.  235. 

^  Mellard  Reade,  ‘Origin  of  Mountain  Ranges’  (1886),  pp.  112,  114. 
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He  conceives  that  such  ranges  can  only  take  their  rise  in  regions  of 
copious  sedimentation.  As  the  successive  layers  of  sediment  are  piled 
over  each  other  for  thousands  of  feet,  the  isogeotherms,  or  lines  of  equal 
subterranean  temperature,  move  upward  into  them.  The  increase  of 
temperature  expands  them  in  every  direction  in  proportion  to  their  extent 
and  thickness.  The  tendency  to  lateral  expansion  is  checked  by  the 
resistance  of  the  part  of  the  earth’s  crust  lying  beyond  the  locally  heated 
area.  The  expanding  mass  is  therefore  forced  to  expend  its  energies 
within  itself,  and  hence  arise  the  plications,  faults,  thrust-planes  and 
other  structures  characteristic  of  such  uplifted  ground.  The  cause  thus 
appealed  to  must  be  admitted  to  exist  and  to  possess  some  importance, 
though  it  may  be  incapable  of  achieving  what  is  claimed  for  it. 

Again,  rocks  expand  by  fusion  and  contract  on  solidification.  Hence, 
by  the  alternate  melting  and  solidifying  of  subterranean  masses,  upheaval 
and  depression  of  the  surface  may  possibly  be  produced  (see  pp.  399, 
401,  408). 

But  processes  of  this  nature  probably  only  effect  changes  of  level 
limited  in  amount  and  local  in  area.  When  we  consider  the  wide  tracts 
over  which  terrestrial  movements  are  now  taking  place,  or  have  occurred 
in  past  time,  the  explanation  of  them  must  manifestly  be  sought  in  some 
far  more  widespread  and  generally  effective  force  in  geological  dynamics. 
It  must  be  confessed,  however,  that  no  altogether  satisfactory  solution  of 
the  problem  has  yet  l^een  given,  and  that  the  subject  still  remains  beset 
with  many  difficulties. 

Professor  Darwin,  in  one  of  his  memoirs  already  cited  (cmte^  p.  30), 
has  suggested  a  possible  determining  cause  of  the  larger  features  of  the 
earth’s  surface.  Assuming  for  his  theory  a  certain  degree  of  viscosity  in 
the  earth,  he  points  out  that,  under  the  combined  influence  of  rotation 
and  the  moon’s  attraction,  the  polar  regions  tend  to  outstrip  the  equator, 
and  to  acquire  a  consequent  slow  motion  from  west  to  east  relatively  to 
the  equator.  The  amount  of  distortion  produced  by  this  screwing  motion 
he  finds  to  have  been  so  slow,  that  45,000,000  years  ago  a  point  in  lat. 
30°  would  have  been  4f',  and  a  point  in  lat.  60°  14 1'  farther  west,  with 
reference  to  the  equator,  than  they  are  at  present.  This  slight  tranHer- 
ence  shows  us,  he  remarks,  that  the  amount  of  distortion  of  the  surface 
strata  from  this  cause  must  be  exceedingly  minute.  But.  it  is  conceivable 
that,  in  earlier  conditions  of  the  planet,  this  screwing  action  of  the  earth 
may  have  had  some  influence  in  determining  the  surface  features  of  the 
planet.  In  a  body  not  perfectly  homogeneous  it  might  originate  wrinkles 
at  the  surface  running  perpendicular  to  the  direction  of  greatest  pressure. 
“  In  the  case  of  the  earth,  the  wrinkles  would  run  north  and  south  at  the 
ecj[uator,  and  would  bear  away  to  the  eastward  in  northerly  and  southerly 
latitudes,  so  that  at  the  north  pole  the  trend  would  be  north-east,  and  at 
the  south  pole  north-west.  Also  the  intensity  of  the  wrinkling  force 
varies  as  the  square  of  the  cosine  of  the  latitude,  and  is  thus  greatest  at 
the  equator  and  zero  at  the  poles.  Any  wrinkle,  when  once  formed, 
would  have  a  tendency  to  turn  slightly,  so  as  to  become  more  nearly  east 
and  west  than  it  was  when  first  made.” 
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According  to  the  theory,  the  highest  elevcitions  of  the  CRiths  surface 
should  be  equatorial,  and  should  have  a  general  north  and  south  trend, 
while  in  the  northern  hemisphere  the  main  direction  of  the  masses  of 
land  should  bend  round  toAvards  north-east,  and  in  the  opposite  hemi¬ 
sphere  towards  south-east.  Professor  Darwin  thinks  that  the  general  facts 
of  terrestrial  geography  tend  to  corroborate  his  theoretical  views,  though 
he  admits  that  some  are  very  unfa^murable  to  them.  In  the  discussion  of 
such  a  theory,  liOAveA^er,  we  must  remember  that  the  present  mountain 
chains  on  the  earth’s  surface  are  not  aboriginal,  but  arose  at  many 
successive  and  Avidely  separated  epochs.  Now  it  is  quite  certain  that  the 
younger  mountain  chains  (and  these  include  the  loftiest  on  the  surface  of 
the  globe)  arose,  or  at  least  received  their  chief  upheaAuil,  during  the 
Tertiary  periods — a  comparatively  late  date  in  geological  history.  Unless 
we  are  to  enlarge  enormously  the  limits  of  time  Avhich  physicists  are 
AAulling  to  concede  for  the  evolution  of  the  whole  of  that  history,  avc  can 
hardly  suppose  that  the  elevation  of  the  great  mountain  chains  took  place 
at  an  epoch  at  all  approaching  an  antiquity  of  45,000,000  years.  Yet, 
according  to  Professor  Darwin’s  showing,  the  superficial  effects  of  internal 
distortion  must  have  been  exceedingly  mkiuk  during  the  past  45,000,000 
years.  We  miist  either  therefore  multiply  enormously  the  periods  re¬ 
quired  for  geological  changes,  or  find  some  cause  Avhich  could  have 
elevated  great  mountain-chains  at  more  recent  intervals. 

But  it  is  Avell  worth  consideration  whether  the  cause  suggested  by 
Professor  Darwin  may  not  have  given  their  initial  trend  to  the  masses  of 
land,  so  that  any  subsequent  wrinkling  of  the  terrestrial  surface,  due  to  any 
other  cause,  Avould  be  apt  to  take  place  along  the  original  lines.  To  bo 
able  to  answer  this  question,  it  is  necessary  to  ascertain  the  dominant  line 
of  strike  of  the  older  geological  formations.  But  information  on  this 
subject  is  still  scanty.  In  north-western  Europe,  the  prevalent  line  along 
Avhich  terrestrial  plications  took  place  during  the  earlier  half  of  Pala30zoic 
time  Avas  from  S.W.  or  S.S.W.  to  N.E.  or  N.N.E. — the  Caledonian  chain 
of  Professor  Suess ;  and  a  similar  trend  may  be  recognised  in  the  Eastern 
States  of  North  America.  In  the  later  Palaeozoic  ages  other  plications  took 
a  general  W.S.W.  direction,  from  the  mouth  of  the  Shannon  to  that  of  the 
Loire,  and  ridged  up  the  Old  Eod  Sandstone  and  older  Carboniferous  forma¬ 
tions  (Armorican  chain).  But  the  trend  of  later  movements  followed  still 
other  lines,  down  to  the  youngest  foldings  of  the  Alps.  The  striking 
contradictions  between  the  actual  direction  of  so  many  mountain  chains  and 
masses  of  land,  and  what  ought  to  be  their  line  according  to  the  theory, 
seem  to  indicate  that  while  the  effects  of  internal  distortion  may  have 
given  the  first  outlines  to  the  land  areas  of  the  globe,  some  other  cause  has 
been  at  work  in  later  times,  acting  sometimes  along  the  original  lines, 
more  frequently  oblique  to  or  across  them. 

The  cause  to  which  most  geologists  are  now  disposed  to  refer  the 
corrugations  of  the  earth’s  surface  is  secular  cooling  and  consequent  con¬ 
traction.^  If  our  planet  has  been  steadily  losing  heat  by  radiation  into 

^  For  criticisms  of  this  view  see  Eev.  0.  Fisher's  ‘Physics  of  Earth’s  Crust,’  2nd  edit. 
Major  Button  on  “Greater  Problems  of  Physical  Geology,”  Bull.  Phil.  Boc.  Washington 
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space,  it  must  have  progessively  diminished  in  volume.  The  cooling 
implies  contraction.  According  to  Mallet,  the  diameter  of  the  earth  is 
less  by  at  least  189  miles  since  the  time  ivhen  the  planet  was  a  mass  of 
I  liquid.^  But  the  contraction  has  not  manifested  itself  uniformly  over  the 

whole  surface  of  the  planet.  The  crust  varies  much  in  structure,  in 
thermal  resistance,  and  in  the  position  of  its  isogeothermal  lines.  As  the 
hotter  nucleus  contracts  more  rapidly  by  cooling  than  the  cooled  and 
^  hardened  crust,  the  latter  must  sink  down  by  its  own  weight,  and  in  so 

doing  requires  to  accommodate  itself  to  a  continually  diminishing  diameter. 
The  descent  of  the  crust  gives  rise  to  enormous  tangential  pressures.  The 
rocks  are  crushed,  crumpled,  and  broken  in  many  places.  Subsidence  must 
have  been  the  general  rule,  but  every  subsidence  -would  doubtless  be 
accompanied  with  upheavals  of  a  more  limited  kind.  The  direction  of 
these  upheaved  tracts,  whether  determined,  as  Professor  Darwin  suggests, 
by  the  effects  of  the  internal  distortion,  or  by  some  original  features  in  the 
structure  of  the  crust,  would  he  apt  to  be  linear.  The  lines,  once  taken 
as  lines  of  weakness  or  relief  from  the  intense  strain,  would  probably  be 
made  use  of  again  and  again  at  successive  paroxysms  or  more  tranquil 
periods  of  contraction.  Mallet  ingeniously  connected  these  movements 
with  the  linear  direction  of  mountain  chains,  volcanic  vents,  and  earth¬ 
quake  shocks.  If  the  initial  trend  to  the  land  masses  were  given  as 
I  hypothetically  stated  by  Professor  Darwin,  we  may  conceive  that  after  the 

*  outer  parts  of  the  globe  had  attained  a  considerable  rigidity  and  could 

then  be  only  slightly  influenced  by  internal  distortion,  the  effects  of 
continued  secular  contraction  would  be  seen  in  the  intermittent  subsidence 
of  the  oceanic  l3asins  already  existing,  and  in  the  successive  crumpling  and 
elevation  of  the  intervening  stiffened  terrestrial  indges. 

This  view,  variously  modified,  has  been  widely  accepted  by  geologists 
as  furnishing  an  exidanation  of  the  origin  of  the  upheavals  and  subsid¬ 
ences  of  which  the  earth’s  crust  contains  such  a  long  record.  But  it  is 
not  unattended  with  objections.  The  difficulty  of  conceiving  that  a 
globe  possessing  on  the  whole  a  rigidity  equal  to  that  of  glass  or  steel 

coTxld  be  corrugated  as  the  crust  of  the  earth  has  been,  has  led  some 

writers  to  adopt  the  hypothesis  of  an  intermediate  viscous  layer  between 
the  solid  crust  and  the  solid  nucleus  (a-nte,  p.  66),  while  others  have 
STiggested  that  the  observed  subsidence  may  have  been  caused,  or  at 
least  aggravated,  by  the  escape  of  vapours  from  volcanic  orifices.  But 
with  various  modifications,  the  main  cause  of  terrestrial  movements  is  still 
sought  in  secular  conti*action. 

Some  observers,  following  an  original  suggestion  of  Babbage,-  have 
r  supposed  that  upheaval  and  sixbsidence,  together  wuth  the  solidification, 

crystallisation,  and  metamorphism  of  the  layers  of  the  earth’s  crust,  may 
have  been  in  large  measure  due  to  the  deposition  and  removal  of  mineral 
matter  on  the  surface.  There  can  be  no  doubt  that  the  lines  of  equal 

xi.  p.  52;  also  A7ner.  Jonrn.  Hci.  viii.  (1874),  p.  121.  Mr.  Mellard  Reade,  ‘Origin  of 

♦  Mountain  Ranges.’ 

^  Phil.  Trans.  1873,  p.  205. 

tTovm.  OeoL  Sue.  iii.  (1834),  p.  206.  ^ 
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internal  temperature  (isogeothermal  lines)  for  a  considerable  depth  down¬ 
ward,  follow  approximately  the  contours  of  the  surface,  curving  up  and 
down  as  the  surface  rises  into  mountains  or  sinks  into  plains.  The  de¬ 
position  of  a  thousand  feet  of  rock  will  cause  a  corresponding  rise  in  the 
isogeo  therms  (p.  393) ;  and  if  we  assume  the  average  rise  of  temperature 
to  be  1"  Fahr.  for  every  50  feet,  then  the  temperature  of  the  crust 
immediately  below  this  deposited  mass  of  rock  will  be  raised  20°.  But 
masses  of  sediment  of  much  greater  thickness  have  been  laid  down,  and 
we  may  admit  that  a  much  greater  increase  of  temperature  than  20°  has 
been  effected  by  this  means.  On  the  other  hand,  the  denudation  of  the 
land  must  lead  to  a  depression  of  the  isogeotherms,  and  a  cons(?quent 
cooling  of  the  upper  layers  of  the  crust.  • 

It  may  be  conceded  that  in  so  far  as  the  internal  structure  of  rocks 
may  be  modified  by  such  progressive  increase  of  temperature  as  would 
arise  from  superficial  deposit,  this  cause  of  change  must  have  a  place  in 
geological  dynamics.  But  it  has  been  urged  that,  besides  this  effect,  the 
removal  of  rock  l)y  denudation  from  one  area  and  its  accumulation  upon 
another  affects  the  equilibrium  of  the  crust;  that  the  portions  where 
denudation  is  active,  being  relieved  of  weight,  rise,  while  those  where 
deposition  is  prolonged,  being  on  the  contrary  loaded,  sink.^  This  hypo¬ 
thesis  has  recently  been  strongly  advocated  by  some  of  the  geologists  who 
have  explored  the  Western  States  and  Territories  of  America,  and  who 
point  in  proof  of  its  truth  to  evidence  of  continuous  subsidence  in  tracts 
w^here  there  was  prolonged  deposition,  and  of  the  uprise  and  curvature  of 
originally  horizontal  strata  over  mountain  ranges  like  the  Uinta  Mountains 
in  Wyoming  and  Utah,  which  have  been  for  a  long  time  out  of  water. 
There  can  be  no  doubt  that  the  solid  rocks  at  no  great  depth  beneath 
the  surface  have  reached  the  limit  at  which,  under  the  same  pressure, 
they  would  be  crushed  to  powder  above  ground,  and  that  they  are  thus 
in  a  state  of  what  has  been  called  latent  plasticity,^’  ready  to  move  or 
flow  in  any  direction  in  which  some  escape  from  the  pressure  is  possible. 
To  suppose,  however,  that  the  removal  and  deposit  of  a  few  thousand  feet 
of  rock,  such  as  the  mass  of  a  mountain  belt  like  the  Alps,  should  so 
seriously  affect  the  equilibrium  of  the  crust  as  to  cause  it  to  sink  and 
rise  in  proportion,  would  evince  an  incredible  degree  of  mobility  in  the 
earth  which  would  surely  be  manifested  in  other  directions.  The  series 
of  gravity  measurements  carried  on  from  the  eastern  coast  of  the  United 
States  to  Salt  Lake  City  in  1894,  has  shown  that  “the  earth  is  able  to 
bear  on  its  surface  greater  loads  than  American  geologists  have  been 
disposed  to  admit.  They  indicate  that  unloading  and  loading  through 
degradation  and  deposition  cannot  be  the  cause  of  the  continued  rising 
of  mountain  ridges  with  reference  to  adjacent  valleys,  but  that,  on  the 
contrary,  the  rising  of  mountain  ridges  or  orogenic  corrugation  is  directly 
opposed  by  gravity,  and  is  accomplished  by  independent  forces  in  spite 

^  Similarly  it  has  been  contended  that  the  accumulation  of  a  massive  ice-sheet  on  the 
land  would  cause  a  depression  of  the  terrestrial  surface.  N.  S.  Shaler,  Proc.  Boston  Nat. 
Mist.  Soc,  xvii.  p.  288.  T.  F.  Jamieson,  Quart.  Journ.  Geol.  Soc.  1882,  and  Geol.  Mag. 
1882,  pp.  400,  526.  Fisher,  ‘Physics  of  Earth’s  Crust,’  p.  223. 
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of  gravitational  resistance.’’^  That  there  has  always  been  the  closest 
relation  between  upheaval  and  denudation  on  the  one  hand,  and  subsid¬ 
ence  and  deposition  on  the  other,  is  undoubtedly  true.  But  denudation 
has  been  one' of  the  consequences  of  upheaval,  and  deposition  has  been 
kept  up  only  by  continual  subsidence.^’  Two  obvious  objections  to  this 
doctrine  of  ‘‘isostasy  ”  have  been  forcibly  expressed  by  Mr.  E.  S.  Wood¬ 
ward.  In  a  mathematical  sense,  this  theory  is  in  a  less  satisfactory 
state  than  the  theory  of  contraction.  As  yet  we  can  see  only  that 
isostasy  is  an  efficient  cause  if  once  set  in  motion,  but  how  it  is  started, 
and  to  what  extent  it  is  adequate,  remain  to  be  determined.  Moreover, 
isostasy  does  not  seem  to  meet  the  requirements  of  geological  continuity, 
for  it  tends  rapidly  towards  stable  equilibrium,  and  the  crust  ought 
therefore  to  reach  a  state  of  repose  early  in  geologic  time.  But  there  is 
no  evidence  that  such  a  state  has  been  attained,  and  but  little  if  any 
evidence  of  diminished  activity  in  crustal  movements  during  recent 
geologic  time.  Hence  we  infer  that  isostasy  is  competent  only  on  the 
supposition  that  it  is  kept  in  action  by  some  other  cause  tending  constantly 
to  disturb  the  equilibrium  which  would  otherwise  result.  Such  a  cause 
is  found  in  secular  contraction,  and  it  is  not  improbable  that  these  two 
seemingly  divergent  theories  are  really  supplementary.”  ^ 

We  are  concerned  in  the  present  part  of  this  volume  only  with  the 
surface  features  of  the  land  in  so  far  as  they  bear  on  questions  of  geo¬ 
logical  dynamics.  The  history  of  these  features  will  be  more  conveniently 
treated  in  Book  VII.  after  the  structure  and  history  of  the  crust  have 
been  described.  Before  quitting  the  subject,  however,  we  may  observe 
that  the  larger  terrestrial  features,  such  as  the  great  ocean  basins,  the 
lines  of  submarine  ridge  surmounted  here  and  there  by  islands  chiefly  of 
volcanic  materials,  the  continental  masses  of  land,  and  at  least  the  cores 
of  most  great  mountain  chains,  are  in  the  main  of  high  antiquity,  stamped 
as  it  were  from  the  earliest  geological  ages  on  the  physiognomy  of  the 
globe,  and  that  their  present  aspect  has  been  the  result  not  merely  of 
original  hypogene  operations,  but  of  long-continued  superficial  action  by 
the  epigene  forces  described  in  Book  III.  Part  II.^ 

^  G.  K.  Gilbert,  Journ.  (ieol.  iii.  (1895),  p.  333,  and  Bxdl.  Phil.  Soc.  Washington,  xiii. 
(1895),  p.  31.  This  frank  admission  by  one  of  the  great  upholders  of  “isostasy”  in 
America  is  of  value.  Mr.  Gilbert  goes  on  to  say  that  though  the  gravity  ineasurenients 
proved  that  the  “law  of  isostasy”  does  not  hold  in  the  case  of  large  mountain  chains,  they 
showed  that  it  must  obtain  in  regard  to  the  greater  features  of  relief. 

^  The  term  “isostasy,”  to  denote  the  equilibrium,  of  the  crust  adjusting  itself  to  the 
effects  of  denudation  on  the  one  hand,  and  deposition  on  the  other,  was  first  proposed  by 
Captain  Dutton  in  the  paper  on  jDroblems  of  Physical  Geology  cited  on  p.  394. 

“  Mathematical  Theories  of  the  Earth  ” — Vice-presidential  Address  to  Mathematical 
Section  of  the  American  Association  for  Advancement  of  Science,  August  18S9.  Bmithsonia n 
Report  for  1890,  p.  196. 

^  The  antiquity  of  the  continental  elevations  and  oceanic  depressions  on  the  surface*  of 
the  globe  will  be  further  considered  in  Book  VII. 
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Section  iv.  Hypogene  Causes  of  Changes  in  the  Texture, 
Structure,  and  Composition  of  Rocks. 

The  phenomena  of  hypogene  action  considered  in  the  foregoing  pages 
relate  almost  wholly  to  the  effects  produced  at  the  surface.  It  is  evident, 
however,  that  these  phenomena  chiefly  arise  from  movements  within  or 
beneath  the  earth’s  cimst,  and  must  be  accompanied  by  very  considerable 
internal  changes  in  the  rocks  which  form  that  crust.  We  cannot,  of 
course,  witness  any  of  these  processes  at  work,  and  can  only  judge  of 
their  nature  and  results  by  their  effects,  which  can  be  observed  in  the 
structures  of  the  rocks.  These  effects  will  be  described  in  a  later  portion 
of  this  volume  (Book  IV.),  when  the  architecture  of  the  crust  is  discussed. 
There  is  a  certain  amount  of  inconvenience  in  treating  the  causes  of  the 
changes  before  the  effects  produced  by  them  have  been  considered.  But 
to  preserve  the  logical  arrangement  of  the  various  departments  of  geo¬ 
logical  inquiry,  the  subject  is  most  fitly  taken  here  as  a  branch  of  hypogene 
geological  dynamics.  The  student,  however,  is  referred  forward  to  the 
different  divisions  of  Book  IV.  in  which  the  structures  are  described  at 
length,  of  which  the  causes  are  dealt  with  in  the  present  section.  It  may 
be  enough  to  remark  generally  that  the  rocks,  subjected  to  enormous 
pressure,  have  been  contorted,  crumpled,  and  folded  back  upon  them¬ 
selves,  as  if  thousands  of  feet  of  solid  limestones,  sandstones,  and  shales 
had  been  merely  a  few  layers  of  carpet ;  they  have  been  shattered  and 
fractured ;  they  have  in  some  places  been  pushed  far  above  their  original 
position,  in  others  depressed  far  beneath  it :  so  great  has  been  the 
compression  which  they  have  undergone  that  they  have  been  made  to 
flow  as  plastic  masses,  while  their  component  particles  have  been  re¬ 
arranged  and  even  crystallised.  They  may  here  and  there  have  been 
reduced*  to  actual  fusion.  They  have  been  abundantly  invaded  by  molten 
rock  from  below,  in  dykes  and  veins  and  huge  masses  of  every  size  and 
shape.  Moreover,  enormous  quantities  of  lava  have  been  poured  out 
over  the  surface  in  all  great  regions  of  the  globe  and  in  many  successive 
geological  periods  from  the  earliest  to  the  present,  so  that  the  crust  of 
the  earth  has  been  to  no  inconsiderable  extent  built  up  of  material 
directly  supplied  from  the  heated  interior. 

While  these  processes  of  subterranean  change  lie  beyond  our  direct 
reach,  and  we  can  only  reason  regarding  them  from  the  changes  which 
we  see  them  to  have  produced,  a  good  number  are  of  a  kind  which  can 
in  some  measure  be  imitated  in  laboratories  and  furnaces.  It  is  not 
requisite,  therefore,  to  speculate  wholly  in  the  dark  on  this  subject 
Since  the  early  and  classic  researches  of  Sir  James  Hall,  great  progress 
has  been  made  in  the  investigation  of  hypogene  processes  by  experiment. 
The  conditions  of  nature  have  been  imitated  as  closely  as  possible,  and 
varied  in  different  ways,  with  the  result  of  giving  us  an  increasingly 
clear  insight  into  the  physics  and  chemistry  of  subterranean  geological 
changes.  The  following  pages  are  chiefly  devoted  to  an  illustration  of 
the  nature  of  hypogene  action,  in  so  far  as  that  can  be  inferred  from 
the  results  of  actual  experiment.  The  subject  may  be  conveniently 
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treated  under  three  heads : — 1,  The  effects  of  mere  dry  heat ;  2,  the 
influence  of  the  co-operation  of  heated  water;  8^  the  effects  of  com¬ 
pression,  tension  and  fracture.  i 

§  1.  Effects  of  Heat. 

The  importance  of  heat  among  the  transformations  of  rocks  has 
been  fully  admitted  by  geologists,  since  it  used  to  be  the  watchword  of 
the  Huttonian  or  Yulcanist  school  at  the  end  of  last  century.  Three 
sources  of  subterranean  heat  may  have  at  different  times  and  in  different 
degrees  co-operated  in  the  production  of  hypogene  changes — the  original 
internal  heat  of  the  globe,  the  heat  arising  from  chemical  changes  within 
the  crust  or  beneath  it,  and  the  heat  due  to  the  transformation  of  mechanical 
energy  in  the  crumpling,  fracturing,  and  crushing  of  the  rocks  of  the  crust. 

Rise  of  Temperature  by  Subsidence. — As  stated  above  (pp.  393, 
396),  the  mere  recession  of  rocks  from  the  surface  owing  to  superposition 
of  newer  deposits  upon  them  will  cause  the  isogeotherms  to  rise — in  other 
words,  will  raise  the  temperature  of  the  masses  so  withdraAvn.  This  can 
take  place,  however,  to  but  a  limited  extent,  unless  coml)ined  with  such 
depression  of  the  crust  as  to  admit  of  thick  sedimentary  formations. 
From  the  rate  of  increment  of  temperature  doAvnwards  it  is  obvious  that, 
at  no  great  depth,  the  rocks  must  be  at  the  temperature  of  boiling  water, 
and  that  further  down,  but  still  at  a  distance  which,  relatively  to  the  earth’s 
radh^s,  is  small,  they  may  reach  and  exceed  the  temperatures  at  which  they 
would  fuse  at  the  surface.  Mere  descent  to  a  depth  of  several  thousand  feet, 
hoAvever,  Avill  not  necessarily  result  in  any  marked  lithological  change,  as 
has  been  shown  in  the  cases  of  the  Nova  Scotian  and  South  AVelsh  coal¬ 
fields,  where  sandstones,  shales,  clays,  and  coal-seams  can  be  proved  to 
have  been  once  depressed  8000  or  10,000  feet  below  the  sea-level,  under 
an  overlying  mass  of  rock,  and  yet  to  have  sustained  no  more  serious 
alteration  than  the  partial  conversion  of  the  coal  into  anthracite.  To  a 
still  greater  depth  must  the  Penokee  series  of  Pre-cambrian  rocks  in  the 
Lake  Superior  region  have  been  depressed.  These  rocks  are  themselves 
14,000  feet  thick,  and  they  were  once  covered  by  the  Keweenawan  series, 
which  is  estimated  to  have  a  thickness  of  40,000  feet,  so  that  some  parts 
of  the  Penokee  series  may  have  been  buried  under  64,000  feet,  or  more 

^  Since  the  researches  of  Hall  {Trans.  Roy.  Roc.  Edhn.  iii.  1790,  p.  8  ;  v.  1798, 
p.  43  ;  vi.  1812,  p.  71  ;  vii.  1812,  pp.  79,  139,  169  ;  x.  1825,  i\  314)  on  fusion,  rock  ])lica- 
tion,  and  the  nature  and  behaviour  of  igneous  rocks,  inuch  excellent  work  has  hem  accom¬ 
plished  in  experimental  geology.  The  labours  of  the  late  Professor  Daubr^e  have  been 
especially  fruitful.  This  distinguished  chemist  and  geologist  devoted  much  time  to 
researches  designed  to  illustrate  experimentally  the  processes  of  geology.  His  numerous 
important  memoirs  appeared  in  the  Annalcs  des  Mines ;  Comyites  nendus  de  V Aeaddinie  des 
Sciences,  Paris;  Bulletin  de  la  SocUU  geolog itiue  de  France;  and  other  i)uhlications.  Hut  a 
few  years  before  his  death  he  collected  and  rei)uhlished  them  as  ‘Ktudes  syntlK'ti(|nes  dc 
Geologie  experimentale,’  8vo,  1879 — a  storehouse  of  information.  Tlie  admirahle  memoirs 
of  Delesse  in  the  same  journals  should  also  be  studied;  likewise  the  ‘  Geologische  luid 
geographische  Experimente’  of  Professor  E.  Reyer  (Leipzig,  1892-4).  Professor  Stanislas 
Meunier  has  published  a  volume  under  the  title  of  ‘Geologic  experimentale,’  whicli  is 
mainly  devoted  to  the  illustration  of  epigeiie  processes. 
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than  twelve  miles,  of  rock.  Yet  the  rocks  have  come  up  again  to  the 
surface  comparatively  unaltered,  and  still  retaining  the  distinctly  clastic 
characters  of  their  sedimentary  members,  without  the  assumption  of  a 
crystalline  or  schistose  structure.^  In  these  cases  the  rocks  may  have  been 
kept  for  a  long  period  exposed  to  a  temperature  at  least  as  high  as  that 
of  boiling  water.  Such  a  temperature  would  have  been  sufficient  to  set 
some  degree  of  internal  change  in  progress,  had  any  appreciable  quantity 
of  water  been  present ;  whence  the  absence  of  alteration  may  perhaps  be 
explicable  on  the  supposition  that  these  rocks  were  comparatively  dry 
(p.  409),  so  as  to  be  depressed  and  re-elevated  without  any  serious 
internal  movement. 

Rise  of  Temperature  by  Chemical  Transformation. — To  what  extent 
this  cause  of  internal  heat  may  be  operative,  forms  part  of  an  obscure 
problem.  But  that  the  access  of  water  from  the  surface,  and  the  con¬ 
sequent  hydration  of  previously  anhydrous  minerals,  must  produce  local 
augmentation  of  temperature,  cannot  be  doubted.  The  conversion  of 
anhydrite  into  gypsum,  which  takes  place  rapidly  in  some  mines,  gives  rise 
to  an  increase  of  volume  of  the  substance  (pp.  410,  453).  Besides  the 
remarkable  manner  in  which  the  rock  is  torn  asunder  by  minute  clefts, 
crystals  of  bitter-spar  and  quartz  are  reduced  to  fragments.^  The  amount 
of  heat  evolved  during  this  process  is  capable  of  measurement.  The 
conversion  of  limestone  into  dolomite,  on  the  other  hand,  which  involves 
a  diminution  of  volume,  may  likewise  be  made  the  subject  of  similar 
experimental  inquiry.  Experiments  with  various  kinds  of  rocks,  such  as 
clay-slate,  clay  and  coal,  show  that  when  these  substances  are  reduced 
to  powder  and  mixed  with  water,  they  evolve  heat.^ 

Rise  of  Temperature  by  Roek-erushing. — A  further  store  of  heat 
is  provided  by  the  internal  crushing  of  rocks  during  the  collapse  and 
re-adjustment  of  the  crust.  The  amount  of  heat  so  produced  has  been 
made  the  subject  of  direct  experiment.  Daubr6e  has  shown  that,  by  the 
mutual  friction  of  its  parts,  firm  brick-clay  can  be  heated  in  three-quarters 
of  an  hour  from  a  temperature  of  18°  to  one  of  40°  C.  (65°  to  104°  Fahr.).* 
He  found  likewise  that  two  pieces  of  marble  rapidly  rubbed  the  one 
against  the  other  developed  an  increase  of  4°*5  C.  in  one  minute. 

The  most  elaborate  and  carefully  conducted  series  of  experiments  yet 
made  in  this  subject  are  those  of  Mallet,  already  (p.  352)  cited.  He 
subjected  16  varieties  of  stone  (limestone,  marble,  porphyry,  granite  and 
slate),  in  cubes  averaging  rather  less  than  1|  inches  in  height,  to  pressures 
sufficient  to  crush  them  to  fragments,  and  estimated  the  amoumt  of 
pressure  required,  and  of  heat  produced.  The  following  examples  may 
be  selected  from  his  table  :  ^ — 

^  C.  R.  Yau  Hise,  10th  Ann.  Rep.  U.  S.  G.  S.  (1889),  p.  457. 

-  The  microscopic  structure  of  the  stages  iu  the  conversion  of  anhydrite  into  gypsum  is 
described  by  F.  Hammerschmidt,  TschermaMs  Mineral.  Mittheil.  v.  (1883),  p.  272. 

3  W.  Skey,  aiem.  Mws,  xxx.  p.  290.  The  transformation  of  aragonite  into  calcite  has 
been  shown  by  Favre  and  Silbermann  to  give  rise  to  a  relatively  large  disengagement  of  heat. 
H.  Le  Chatelier,  Compt.  rend.  (1893),  p.  390.  ^  ‘Geol.  exp^rimentale,’  p.  448  et  seq. 

®  Phil  Trans.  1873,  p.  187.  Phil.  Mag.  July  1875. 
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Rock. 

Temperature 
(Pahr.)  in 

1  cubic  foot  of 
rock  due  to  work 
of  crushing. 

Number  of  cubic 
feet  of  water  at 
32  deg.  evapor¬ 
ated  into  steam 
at  212  deg. 

Volume  of  ice  at 
32  deg.  melted  to 
water  at  32  deg. 
by  one  volume  of 
rock. 

Caen  Stone,  Oolite  .... 

8°-O04 

0-0046 

0-04008 

Sandstone,  Ayre  Hill,  Yorkshire 

47“*79 

0-0234 

0-2026 

Slate,  Conway  .... 

132“.85 

0-07 

0-596 

G-ranite,  Aberdeen  .... 

155°-94 

0-072 

0-617 

Scotch  fiirnace-clay  porphyry . 

198°-97 

0-083 

0-724 

Rowley  Rag  (basalt) 

213“.23 

0-109 

0-925 

Within  the  crust  of  the  earth,  there  are  abundant  proofs  of  enormous 
stresses  under  which  the  rocks  have  been  crushed.  The  weight  of  rock 
involved  in  these  movements  has  often  been  that  of  masses  at  least  two 
or  three  miles  thick.  We  can  conceive  that  the  heat  thus  generated  may 
have  been  sufficient  to  promote  many  chemical  and  mineralogical  re¬ 
arrangements  (especially  with  the  co-operation  of  water,  posiea,  p.  409), 
and,  as  Mallet  maintained,  may  even  have  been  here  and  there,  if  suffi¬ 
ciently  rapid,  enough  for  the  actual  fusion  of  the  rocks  by  the  crushing 
of  which  it  was  produced. 

Rise  of  Temperature  by  Intrusion  of  Erupted  Rock. — The  great 
heat  of  lava,  even  when  it  has  flowed  out  over  the  surface  of  the  earth, 
has  been  already  referred  to,  and  some  examples  have  been  given  of  its 
effects  (pp.  304,  309).  Where  it  does  not  reach  the  surface,  but  is  injected 
into  subterranean  rents  and  passages,  it  must  effect  considerable  changes 
upon  the  rocks  with  which  it  comes  in  contact.  That  such  intruded 
igneous  rocks  have  sometimes  melted  down  portions  of  the  crust  in  their 
passage,  can  hardly  he  doubted.  But  probably  still  more  extensive 
changes  may  take  place  from  the  exceedingly  slow  rate  of  cooling  of 
erupted  masses,  and  the  consequently  vast  period  during  which  their 
heat  is  being  conveyed  through  the  adjacent  rocks.  Allusion  will  be 
made  in  later  pages  to  the  observed  amount  of  such  “  contact-meta¬ 
morphism.”  (Book  IV.  Part  VIII.  §  1.) 

Expansion. — The  extent  to  which  rocks  are  dilated  by  heat  has 
l^een  measured  with  some  precision  for  various  kinds  of  material,  as 
shown  in  the  subjoined  table  : — 


Rock. 

Linear  expansion  for 
every  1®  Pahr. 

Authority. 

Black  marble,  Galway,  Ire-") 

land . j 

Grey  granite,  Aberdeen 

Slate,  Penrhyn,  Wales 

White  marble,  Sicily  . 

Red  sandstone,  Portland,  \ 
Connecticut  .  .  .  J 

-00000247  =  jTriV-o' 

•00000438  = 

•00000576  = 

•00000613  = 

•00000953  =  xTriVff¥ 

/ Adie,  Tmvs.  Roy.  Soc.  Edin. 
1  xiii.  p.  366. 

JhitL 

lUd. 

Ibid. 

/Totten,  Amer.  Journ.  Sd. 

\  xxii.  (1832),  136.1 

^  For  additional  results,  see  Mellarcl  Eeade’s  ‘Origin  of  Mountain  Ranges’  (1886),  p.  109. 
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According  to  these  data,  the  expansion  of  ordinary  rocks  ranges  from 
about  2-47  to  9*53  millionths  for  1°  Fahr.  Even  ordinary  daily  and 
seasonal  changes  of  temperature  suffice  to  produce  consideralile  super¬ 
ficial  changes  in  rocks  (see  p.  434).  The  much  higher  temperatures  to 
which  rocks  are  exposed  by  subsidence  within  the  earth’s^  crust  must 
have  far  greater  effects.  Some  experiments  by  Pfaff  m  heating  from  an 
ordinary  temperature  up  to  a  red  heat,  or  about  1180"  0.,  small  columns 
of  granite  from  the  Fichtelgehirge,  red  porphyry  from  the  Tyrol,  and 
basalt  from  Auvergne,  gave  the  expansion  of  the  granite  as  0-016S08,  of 
the  porphyry  0-012718,  of  the  basalt  0*01199.1  The  expansion  and 
contraction  of  rocks  by  heating  and  cooling  have  been  already  referred 
to  as  possible  sources  of  upheaval  and  depression  (pp.  392,  39 G).  ^  Mr. 
Mellard  Peade  concludes  from  his  experiments  that  the  mean  coefficient 
of  expansion  for  various  classes  of  rocks  may  be  taken  as  i  for 

each  degree  Fahr.,  which  would  be  equivalent  to  an  expansion  of  2*77 
feet  per  mile  for  every  100'"  Fahr.- 

Crystallisation. — In  the  experiments  of  Sir  James  Hall,  pounded 
chalk,  hermetically  enclosed  in  gun-barrels  and  exposed  to  the  temp(n*ature 
of  melting  silver,  was  melted  and  partially  crystallised,  but  still  retained 
its  carbonic  acid.  Chalk,  similarly  exposed,  with  the  addition  of  a  little 
water,  was  transformed  to  the  state  of  marble.'^  These  experiments  have 
been  repeated  by  G.  Eose,  who  produced  by  dry  heat  from  lithographic 
limestone  and  chalk,  fine-grained  marble  without  melting.  Tiic  dis¬ 
tinction  of  true  marble  is  the  independent  crystalline  condition  of  its  com¬ 
ponent  granules  of  calcite  (Fig.  27).  This  structure,  therefore,  can  be 
superinduced  by  heat  under  pressure.  In  nature,  portions  of  limestone 
which  have  been  invaded  by  intrusive  masses  of  igneous  rock,  have  been 
converted  into  marble,  the  gradations  from  the  unaltered  into  the  altered 
rock  being  distinctly  traceable,  as  will  be  shown  in  subsequent  pages. 

Production,  of  Prismatic  Structure. — The  long-continued  high 
temperature  of  iron-furnaces  has  been  observed  to  have  superinduced  a 
prismatic  or  columnar  structure  upon  the  hearth-stones,  and  on  the  sand 
in  which  these  are  bedded.^  This  fact  is  of  interest  in  geology,  seeing 
that  sandstones  and  other  rocks  in  contact  with  eruptive  masses  of  igneous 
matter  have  at  various  depths  below  the  surface  assumed  a  similar  internal 
arrangement  (Book  IV.  Part  VIII.  §  1). 

Dry  Fusion, — In  an  interesting  series  of  experiments  already  cited, 
the  illustrious  De  Saussure  (1779)  fused  some  of  the  rocks  of  Switzerland 
and  France,  and  inferred  from  them,  contrary  to  the  opinion  previously; 
expressed  by  Desmarest,^  that  basalt  and  lava  have  not  been  produced 
from  granite  but  from  hornstone  (pierre  de  come),  varieties  of  schorl/^ 
calcareous  clays,  marls,  and  micaceous  earths,  and  the  cellular  varieties 
from  different  kinds  of  slate.®  He  observed,  however,  that  the  artificial 

^  Z,  D.  Cr.  G.  xxiv.  p.  403.  ‘  Origin  of  Mountain  Ranges,*  p.  110. 

Tram,  Roy.  Soc.  Edin.  vi.  (1805),  pp.  101,  121.  See  note  2  on  p.  403. 

C.  Cochrane,  Proc.  Dudley  Qeol.  Soc.  iii.  p.  54. 

^  Mhn.  Acad.  Scien.  1771,  p.  273. 

®  De  Saussure,  'Voyages  dans  les  Alpes,’  edit.  1803,-  tome  i.  p.  178. 
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products  obtained  by  fusion  were  glassy  and  enamel-like,  and  did  not 
always  recall  volcanic  rocks,  though  some  exactly  resembled  porous  lavas. 
Dolomieu  (1788)  also  contended  that  as  an  artificially  fused  lava  becomes 
a  glass,  and  not  a  crystalline  mass  with  crystals  of  easily  fusible  minerals, 
there  must  be  some  flux  present  in  the  original  lava,  and  he  supposed 
that  this  might  be  sulphur.^ 

Sir  James  Hall,  about  the  year  1790,  began  an  important  investiga¬ 
tion,  in  which  he  succeeded  in  reducing  various  ancient  and  modern 
volcanic  rocks  to  the  condition  of  glass,  and  in  restoring  them,  by  slow 
cooling,  to  a  stony  condition  in  which  distinct  crystals  (probably  pyroxene, 
olivine,  and  perhaps  enstatite)  were  recognisable.-  Gregory  Watt  after¬ 
wards  obtained  similar  results  by  fusing  much  larger  quantities  of  the 
rocks.  In  more  recent  years,  this  method  of  research  has  been  resumed 
and  pursued  with  the  much  more  effective  appliances  of  modern  science, 
notably  by  Mitscherlich,  G.  Rose,  C.  Sainte-Claire  Deville,  Delesse, 
Daubr^e,  Friedel,  Sarasin,  Fouqu^,  Michel-L6vy,  Doelter,  Hussak,  Vogt, 
Morozewicz  and  Schmutz.^  It  has  been  experimentally  proved  that  all 
rocks  undergo  molecular  changes  when  exposed  to  high  temperature  ;  that 
when  the  heat  is  sufficiently  raised  they  become  fluid ;  that  if  the  glass 
thus  obtained  is  rapidly  cooled  it  remains  vitreous ;  and  that,  if  allowed 
to  cool  slowly,  a  more  or  less  distinct  crystallisation  sets  in,  the  glass  is 
devitrified,  and  a  lithoid  product  is  the  result. 

A  glass  is  an  amorphous  substance  resulting  from  fusion,  perfectly 
isotropic  in  its  action  on  transmitted  polarised  light  (p.  147).  Its  specific 
gravity  is  rather  lower  than  that  of  the  same  substance  in  the  crystallised 
condition.  By  being  allowed  to  cool  slowly,  or  being  kept  for  some  hours 
at  a  heat  which  softens  it,  glass  assumes  a  dull,  porcelain-like  aspect.  This 
devitrification  possesses  much  interest  to  the  geologist,  seeing  that  many 
volcanic  rocks,  as  has  been  already  described  (p.  148),  present  the  char¬ 
acters  of  devitrified  glasses.  As  we  have  seen,  it  consists  in  the  appear- 

^  ‘lies  ponces,’  p.  8  et  seq.  At  temperatures  between  2000^^  and  3000°  C.,  various 
metallic  oxides  are  fused  and  crystallise.  H.  Moissan,  Compt.  rend,  cxv.  (1892),  p.  1034. 

-  Trans.  Roy.  Soc.  Edin.  v.  p.  43.  He  thus  found  the  explanation  of  a  structure  which 
he  had  observed  in  the  dykes  that  traverse  the  crater-wall  of  Soinma,  where  their  outer 
margins  were  in  some  cases  vitreous,  while  the  interior  presented  the  usual  lithoid  character. 
He  now  saw  that  tbe  glassy  part  had  been  rapidly  chilled  and  consolidated  by  coming  in 
contact  with  the  cold  walls  of  the  lissures  in  the  cone.  The  actual  products  obtained  by 
Hall  in  his  experiments  have  been  niicroscox)ically  examined  by  Fouque  and  Michel-Lc'vy. 
Comptes  rend.  May  1881.  For  repetitions  of  his  fusion  of  limestone  see  op.  ait.  cxv.  (1892), 
pp.  817,  934,  1009,  1296. 

^  From  this  abundant  literature  the  following  references  are  selected : — Fridel  and  Sarasin, 
Bull.  Soc.  Min.  France^  ii.  (1879),  pp.  113,  158  ;  Fouqud  and  Michel-Levy,  ‘  Synthese  des 
Mineraux  et  des  Koches  ’ ;  K.  von  Clirustschoff,  Bull.  A  cad.  Imp.  St.  Petershoury,  xiii. 
(1890),  p.  181  ;  MRangcs  Geol.  Acad.  St.  PHcrshourg^  1892,  p.  147  ;  Doelter  and  Hussak, 
Nmes  Jakrh.  1884,  pp.  18,  158  ;  A.  Becker,  Z.  JJ.  G.  G.  xxxvii.  (1885),  p.  10  ;  J.  H.  Vogt, 
Z^itsch.  prakt.  Owl.  No.  1,  4,  7  (1893)  ;  J.  Morozewicz,  op.  cit.  xxiv.  (1895),  ix  281  ;  Neucs 
Jcdhrh.  1893,  ii.  p.  43  ;  Tschennak's  MiUhcil.  xviii.  (1898),  1“90,  105-240  (these  last 

remarkably  interesting  papers  have  an  additional  value  from  the  historical  summary  of 
previous  research  which  they  give). 
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ance  of  minute  crystallites,  and  other  imperfect  or  rudimentary  crystal¬ 
line  forms,  accompanied  with  an  increase  of  density  and  diminution  of 
volume.  It  must  be  regarded  as  an  intermediate  stage  between  tlie  per¬ 
fectly  glassy  and  the  crystalline  conditions.  Rocks  exposed  to  tempera¬ 
tures  as  high  as  their  melting-points  fuse  into  glass  which,  in  the  great 
majority  of  cases,  is  of  a  bottle-green  or  black  colour,  the  depth  of  the 
tint  depending  mainly  on  the  proportion  of  iron.  In  this  respect  they 
resemble  the  natural  glasses — pitchstones  and  obsidians.  Microscopic 
investigation  of  such  artificially  fused  rocks  shows  that,  even  in  what  seems 
to  be  a  tolerably  homogeneous  glass,  there  are  abundant  minute  hair-like, 
feathered,  needle-shaped  or  irregularly  aggregated  bodies  diffused  through 
the  glassy  paste.  These  crystallites,  in  some  cases  colourless,  in  others 
opaque,  metallic  oxides,  particularly  oxides  of  iron,  resemble  the  crystal¬ 
lites  observed  in  many  volcanic  rocks  (p.  148).  They  may  be  obtained 
even  from  the  fusion  of  a  granitic  or  granitoid  rock,  as  in  the  well-known 
case  of  the  Mount  Sorrel  syenite  near  Leicester,  which,  being  fused  and 
slowly  cooled,  yielded  to  Mr.  Sorby  abundant  crystallites,  including 
exquisitely  grouped  octohedra  of  magnetite.^ 

According  to  the  observajtions  of  Delesse,  volcanic  rocks,  when  reduced  to  a  molten 
condition,  attack  briskly  the  sides  of  the  Hessian  crucibles  in  which  they  are  contained, 
and  even  eat  them  through.  This  is  an  interesting  fact,  for  it  helps  to  explain  how 
some  intrusive  igneous  rocks  have  come  to  occupy  positions  previously  filled  by 
sedimentary  strata,  and  why,  under  such  circumstances,  the  composition  of  the  same 
mass  of  rock  should  be  found  to  vary  considerably  from  place  to  place. 

A  series  of  elaborate  and  successful  experiments  regarding  the  fusion  of  igneous 
rocks  has  been  made  by  MM.  Fouqud  and  Michel-Ldvy.  These  observers,  by  mixing 
the  chemical  elements,  and,  in  other  cases,  the  mineralogical  constituents,  of  certain 
minerals  and  rocks,  and  fusing  these  in  platinum  crucibles  in  a  gas-furnace,  have  been 
able  to  produce  both  rock-forming  minerals,  such  as  several  felspars,  augite,  leucite, 
nepheline,  and  garnet,  and  also  rocks  possessing  the  composition  and  microscopic 
structure  of  augite- andesites,  leucite-teph rites,  and  true  basalts.  By  rapid  cooling, 
they  obtained  an  isotropic  glass,  often  full  of  bubbles,  and  varying  in  colour  with  the 
nature  of  the  mixture  from  which  it  was  formed.  Where  the  mixture  contains  the 
elements  of  pyroxene,  enstatite,  or  melilite,  it  must  be  cooled  very  rapidly  to  prevent 
these  minerals  from  partially  crystallising  out  of  the  glass.  Nepheline  also  crystallises 


1  Zirkel,  Mit  Besch,  p.  92  ;  Sorby,  Address  Geol.  Sect.  Brit.  Assoc.  1880.  On  the 
microscopic  structure  of  slags,  etc.,  see  Vogelsang’s  ‘ Krystalliten, ’  and  an  interesting 
account  by  M.  Ch.  Velain  of  glasses  obtained  from  the  tire  at  the  Och'on,  Paris,  in  1850, 
and  from  the  fusion  of  the  ashes  of  grasses,  B,  S.  G.  F.  xiii.  (1886),  p.  297. 

^  Bull.  Soc.  Oeol.  FTance,  2nd  ser.  iv.  1382  ;  see  also  Ttccois.  Mdin.  Boy.  Soc.  xxix.  p, 
492.  Morozewicz  found  the  same  difficulty  in  experimenting  with  much  larger  quantities  of 
material,  the  clay  crucibles  of  a  glass-work  being  attacked  by  the  molten  solution.  TscTiermiaE b 
MittheU.  xviii.  (1899),  p.  18.  In  the  experiments  by  Doelter  and  Hussak  no  change  was 
observed  in  the  porcelain  crucibles  in  which  basalt,  andesite  and  phonolite  were  melted. 
2\ieues  JaJirb.  1884,  p.  19.  Bischof  has  described  a  series  of  experiments  on  the  fusion  of 
lavas  with  different  proportions  of  clay-slate.  He  found  that  the  lava  of  Niedermendig, 
kept  an  hour  in  a  bellows-fumace,  was  reduced  to  a  black  glassy  substance  without  pores, 
and  that  a  similar  product  was  obtained  even  after  30  per  cent  of  clay-slate  had  been  added 
and  the  whole  had  been  kept  for  two  hours  in  the  furnace.  ‘  Chem.  und  Phvs.  Geol  *  sunn 
(1871),  p.  98.  ' 
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easily.  The  felspars,  on  the  other  hand,  pass  much  more  slowly  from  the  viscous  to 
the  crystalline  condition.  In  these  experiments,  use  was  made  of  the  law  that  the 
fusion-temperature  of  a  crystallised  silicate  is  usually  higher  than  that  of  the  same 
substance  in  the  glassy  state.  Hence  if  such  a  glass  be  kept  sufficiently  long  at  a 
temperature  slightly  higher  than  that  at  which  it  softens,  the  most  favourable  conditions 
are  obtained  for  the  production  of  molecular  arrangements  and  the  formation  of  those 
crystalline  bodies  which  can  solidify  in  the  midst  of  a  viscous  magma.  The  limits  of 
temperature  for  the  production  of  a  given  mineral  must  thus  be  comprised  within  the 
narrow  range  between  the  fusion -point  of  the  mineral  and  that  of  its  glass.  By 
varying  the  temperature  in  the  experiments,  distinct  minerals  can  be  obtained  from 
the  same  magma.  Minerals  such  as  olivine,  leucite,  and  felspar,  which  solidify  at 
higher  temj^eratiires  than  the  others,  appear  first,  and  the  later  forms  are  moulded 
round  them.  Thus  an  artificial  basalt,  like  a  natural  one,  always  shows  that  its 
olivine  has  crystallised  first.  By  providing  facilities  for  the  crystallisation  of  the 
minerals  in  the  inverse  order  of  their  fusibilities,  -the  characters  of  naturally  formed 
crystalline  rocks  can  thus  be  artificially  produced  by  simple  igneous  fusion. 

Certain  well-known  facts  which  appear  to  militate  against  the  principle  of  these 
experiments  have  been  successively  explained  by  MM.  Fouqu6  and  Michel -L4vy. 
Some  minerals,  very  difficult  to  fuse,  contain  crystals  of  others  which  are  easily  fusible, 
as  if  the. latter  had  crystallised  first,  as  in  the  case  of  pyroxene  enclosed  within  leucite. 
But  in  reality  the  pyroxene  has  slowly  crystallised  out  of  inclusions  of  the  surrounding 
glass  which  were  caught  up  in  the  leucite.  Where  the  same  silicates  are  found  to 
have  crystallised  first  in  large  and  subsequently  in  smaller  forms,  they  may  reveal 
stages  in  the  gradual  cooling  and  consolidation  of  the  mass,  one  set  of  crystals,  for 
example,  being  formed  in  a  lava  while  still  within  the  vent  of  a  volcano,  and  another 
during  the  more  rapid  cooling  after  expulsion  from  the  vent. 

The  rocks  obtained  artificially  by  these  observers  are  thus  classed  by  them  : — 1. 
Andesites  and  andesitic  porphyrites — from  the  fusion  of  a  mixture  of  four  parts  of 
oligoclase  and  one  of  augite.  2.  Labradorites  and  labradoric  porphyrites — from  the 
fusion  of  three  parts  of  labrador  and  one  of  augite.  3.  A  microlitic  rock  formed  of 
pyroxene  and  anorthite.  4.  Basalts  and  labradoric  melaphyres — from  the  fusion  of  a 
mixture  of  six  parts  of  olivine,  two  of  augite  and  six  of  labrador.  5.  Nephelinites — 
from  the  fusion  of  a  mixture  of  three  parts  of  nepheline  and  1  '3  of  augite.  6.  Leucitites 
— from  the  fusion  of  nine  parts  of  leucite  and  one  of  augite.  7.  Leucite- tephrite — from 
the  fusion  of  a  mixture  of  silica,  alumina,  potash,  soda,  magnesia,  lime,  and  oxide 
of  iron,  representing  one  part  of  augite,  four  of  labrador,  and  eight  of  leucite.  8. 
Lherzolite.  9.  Meteorites  without  felspar.  10.  Meteorites  with  felspar.  11.  Diabases 
and  dolerites  with  ophitic  structure.  In  thefse  artificially  produced  compounds  the 
most  complete  resemblance  to  natural  rocks  was  observed,  down  even  to  the  minutire 
of  microscopic  structure.  The  crystals  and  microlites  ranged  themselves  exactly  as  in 
natural  rocks,  with  the  same  distribution  of  vitreous  base  and  vitreous  inclusions.  It 
is  thus  demonstrated  that  a  rock  like  basalt  may  be  produced  in  nature  in  the  dry 
way,  by  a  process  entirely  igneous.^ 

^  See  the  work  of  Messrs.  Fouque  and  Michel- Levy,  ‘  Synthese  des  Minchaux  et  des 
Roches,’  1882,  from  which  the  above  digest  of  their  researches  is  taken.  Since  this 
paragraph  was  written  I  have  had  the  advantage  of  being  shown  by  M.  Michcl-Lcvy  the 
original  slides  prepared  from  the  products  obtained  by  him  and  M.  Fouqui',  and  I  can 
entirely  corroborate  the  results  at  which  these  observers  have  arrived.  They  have  succeeded 
in  imitating  all  th^  essential  features  of  such  rocks  as  basalt,  down  even  into  minute 
microscopic  details.  They  have  produced  rocks,  not  only  showing  microlitic  forms,  but 
with  crystals  of  the  constituent  minerals  as  definitely  formed  as  in  any  natural  lava. 
Indeed,  it  would  be  hardly  possible  to  distinguish  between  one  of  their  artifical  products 
and  many  true  lavas. 


406 


TJYNAMIGAL  GEOLOGY 


BOOK  TTI  PART  T 


Another  series  of  experiments  was  subsequently  carried  on  by  Messi's.  Doelter  and 
Hussak  of  Gratz,  to  determine  the  effect  of  immersing  various  minerals  in  molten  basalt, 
andesite,  or  phonolite.  Among  the  results  obtained  by  them  are  the  production  of  a 
granular  structure  (‘‘corrosion  border”)  in  pyroxene  and  hornblende,  especially  on  the 
exterior,  as  may  be  observed  in  the  hornblende  of  recent  eruptive  rocks  ;  the  conversion 
of  a  hornblende  crystal,  which  still  retains  its  form,  into  an  aggregate  of  augite  prisms 
and  magnetite,  as  observed  also  in  some  basalts  ;  the  conversion  of  garnet  into  various 
other  minerals,  such  as  nieionite,  melilite,  anorthite,  lime -olivine,  lime- nepheline, 
specular  iron,  and  spinel,  the  garnet  itself  never  re-appearing  in  the  molten  magmad 

Detailed  experiments  on  the  artificial  production  of  minerals  and  rocks  by  fusion 
were  carried  on  by  M.  J.  Morozewicz  in  AYarsaw,  from  the  end  of  the  year  1891  to  the 
beginning  of  1897.^  Employing  a  Siemens  gas-furnace,  as  used  for  glass-making,  he 
obtained  a  temperature  of  1600°  C.,  and  was  able  to  conduct  the  operations  on  a  con¬ 
siderable  scale,  sometimes  melting  more  than  100  pounds  of  material  in  the  same 
cnicible.  After  complete  fusion  the  product  was  usually  allowed  slowly  to  cool,  and 
crystallise  for  a  week  or  two,  exceptionally  for  two  months  and  a  half.  Besides  obtaining 
thirty- four  distinct  minerals,  he  has  succeeded  in  producing  the  following  rdSlcs  — 
liparite,  basalt  -  obsidian,  enstatite  -  basalt,  magma  -  basalt,  augitite,  melilite  -  basalt, 
hauynophyre,  hauyn-basalt,  cordierite-andesite,  sj)iiiel-basalt,  felspar  basalt,  nepheline- 
basalt,  coruiidiim-nephelinite,  and  an  anorthite-hepheliii  compound  containing  C(jrundum. 
Not  less  successful  were  the  experiments  in  reproducing  some  of  the  distinctive  structures 
of  volcanic  rocks.  Among  these,  spherulitic,  intersertal  -  glassy,  microporphyritic, 
hyalopilitic,  ophitic,  and  trachytic  were  observed,  and  the  conditions  in  which  they 
were  respectively  developed.  Thus  the  spherulitic  structure  was  obtained  by  super¬ 
saturating  the  compound  with  any  one  of  its  constituents  and  by  rapid  cooling.  For 
the  porphyritic  structure  also  a  high  supersaturation  is  necessary,  but  with  a  slow 
crystallisation.  The  intersertal  -  glassy  structure  depends  mainly  upon  a  rapid 
crystallisation  as  the  result  of  a  qui6k  lowering  of  the  temperature.  If  some  fused 
masses  are  long  exposed  to  a  lower  temperature  (500°  C.  or  600°  C.),  agranular  structure 
is  produced  without  a  glassy  base,  but  with  rounded  secretions,  while  the  same  magma 
at  a  higher  ‘  temperature  gives  a  microporphyritic  structure.  The  fusions  rich  in 
alkali  were  usually  found  to  give  a  glassy  or  iiitersertal-glassy  structure  ;  those  rich  in 
alkaline  earths,  on  the  other  hand,  were  marked  by  their  high  capacity  for  crystallising. 
Thus  the  structure  obtained  in  these  experiments  appears  to  be  mainly  the  result  of 
external  conditions  of  crystallisation  and  of  the  chemical  composition  of  the  substance, 
both  qualitatively  and  quantitatively. 

M.  Morozewicz  concludes  that  the  order  of  separation  of  the  minerals  from  the 
molten  magma  imincipally  depends  on  the  relation  between  the  quantities  of  the 
compounds  present  in  the  material.  The  same  compound  may,  under  identical 
conditions,  separate  out  earlier  or  later  in  another  form  according  to  its  quantity. 
Another  obviously  important  condition  is  the  solubility  of  the  substance  in  the  magma ; 
the  smaller  the  solubility,  the  greater  will,  of  course,  be  the  readiness  of  the  substance 
to  separate  out.  Tpmperature  likewise  plays  an  essential  part  in  this  separation  of 
some  compounds.  Magnetite,  for  example,  appears  with  difficulty  to  saturate  a 
magma  at  a  higher  temperature  than  1000°  C.  ;  anorthite  crystallises  more  easily  at 
1000°  and  above,  than  about  700°. 

Among  the  observations  which  have  special  interest  in  regard  to  their  bearing  on 
the  history  of  eruptive  rocks,  is  one  regarding  the  influence  of  specific  gravity  in 
effecting  to  some  extent  a  separation  of  the  constituents  of  a  magma.  A  mass  weigliing 
100  lbs.,  and  consisting  mainly  of  an  alkali-augite,  presented  a  sharp  difference  between 
the  density  of  its  upper  and  that  of  its  under  part.  The  upper,  with  a  specific  gravity 
of  2-634,  contained  no  magnetite  ;  while  in  the  lower,  with  a  specific  gravity  of  2*996, 

^  Neues  Jahrh.  1884,  pp.  18,  158.  See  his  papers  cited  on  p.  403. 
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that  mineral  had  accumnlated  in  large  quantity.  It  is,  likewise,  a  familiar  fact  at  the 
%lass-works,  that  towards  the  bottoms  of  the  crucibles  the  surplus  lime  accumulates 
and  leads  to  devitrification  by  the  development  of  wollastonite  and  diopside.^ 

It  was  long  ago  maintained  by  Elie  de  Beaunioiit  that  in  the  crystallisation  of  rocks 
certain  gaseous  constituents  were  present,  such  as  fluorine,  phosphorus,  and  boron,  and 
played  a  large  part  in  the  development  of  the  component  minerals,  and  the  production 
of  the  crystalline  structure.-  He  named  these  substances  “agents  mineralisateurs,” 
and  his  views  regarding  their  influence  have  been  confirmed  by  subsequent  experiment.*^ 
Thus  K.  B.  Schniutz  melted  a  series  of  basic  and  acid  rocks  with  definite  quantities 
of  chlorides  of  magnesium,  sodium,  calcium,  and  aluminium,  fluorides  of  sodium, 
potassium  and  calcium,  potassium  tungstate,  etc.  He  found  that  these  substanles 
lower  tlie  melting-point  of  the  rocks  or  aid  in  the  crystallisation  of  the  constituent 
minerals,  or  even  promote  the  formation  of  other  minerals  than  those  of  the  original 
rocks.  The  highly  basic  rocks  can  be  more  or  less  easily  melted  without  the  help  of 
these  reagents,  but  in  the  case  of  the  more  acid  rocks  experimented  upon  the  addition 
of  these  suhstances  was  indispensable.  It  may  be  added  that  while  in  the  glass  of  the 
cooled  melted  basic  rocks  most  of  the  minerals  had  been  reproduced  and  a  product  had 
been  obtained  comparable  to  known  basic  rocks,  in  no  case  were  the  structure  and 
mineral  composition  of  the  acid  rocks  imitated.  Usually  the  result  was  a  dark  obsidian 
like  glass.  The  gneiss-granite  of  Ceslak,  however,  fused  with  sodium  chloride  and 
potassium-tungstate,  gave  a  more  crystalline  product  containing  only  a  little  glass  ;  hut 
instead  of  the  original  minerals — quartz,  alBite,  orthoclasef^  mica,  apatite,  hornblende, 
zircon,  tourmaline  and  magnetite — those  now"  obtained  consisted  of  felspars,  inter¬ 
mediate  between  albite  and  acid  oligoclase,  orthoclase,  augite  resembling  diopside,  and 
he.xagonal  plates  of  tridyrnite.  The  rock  resembled  an  angite-trachyte.*^ 

In  the  experiments  carried  on  by  M.  Morozewicz  a  quantity  of  granite  weighing 
about  2  lbs.  from  the  Tatragebirge  was  melted.  After  five  days  a  black  glassy  mass  was 
obtained,  in  the  upper  part  of  which,  still  unmelted,  white,  cracked  grains  of  quartz, 
[)artially  changed  into  tridyrnite,  were  noticed,  which,  being  lighter  than  the  glass,  had 
come  the  top,  the  lower  portion  of  -the  mass  remaining  quite  free  of  them.  The 
glass  bad  so  uniform  a  colour  and  aspect  that  its  composition  might  have  been  expected 
to  be  the  same  throughout  the  whole  mass.  But  so  far  from  this  was  the  case,  that 
while  the  specific  gravity  (at  22"  0.)  of  the  original  granite  was  2*716,  that  of  the  lower 
part  of  the  glass  was  2*484,  wdiile  that  of  the  upper  part  was  2*2384.  The  alumina, 
iron-oxide,  and  alkaline  earth  were  more  abundant  in  the  wdiile  the  silica  was 

consiilerahly  greater  in  the  upper. 

In  tine,  while  experiment  has  shown  that  certain  eruptive  rocks  of  the  basic  order, 
such  as  basalts  and  aiigite-aii desites,  may  be  produced  by  mere  dry  fusion,  the  acid  rocks 
present  difliciilties  which  have  as  yet  proved  insuperable  in  the  laboratory.  It  has  been 
liitherto  found  impossible  to  reproduce  by  simple  igneous  fusion  rocks  with  quartz, 
orthoclase,  white  mica,  black  mica,  and  amphibole.  We  may  therefore  infer  that 
these  rocks  have  been  produced  in  some  other  way  than  by  dry  igneous  fusion.  The 
acid  rocks,  terminating  in  granite,  form  a  remarkable  series,  regarding  the  origin  of 
which  our  knowledge  is  still  meagre. 

'  To  some  of  the  questions  here  alluded  to  fuller  reference  will  be  maddHn  Book  IV., 
wlien  the  subject  of  the  diflerentiatioii  of  igneous  magmas  is  under  consideration. 

^  “Bur  les  Emanations  volcaniques  et  nictalliferes,”  Bull.  Soc.  Geol.  Frcuice,  iv.  (1846). 
This  admirable  and  exhaustive  memoir,  one  of  the  greatest  monuments  of  Elie  de  Beaumont’s 
genius,  should  he  consulted  by  the  student.  See  also  De  Lappareiit  {Bifll.  Soe.  Geol.  France, 
xvii.  (1889),  p.  282)  on  the  part  x>layed  l>y  mineralising  agents  in  the  formation  of  erujitive 
rocks. 

Particularly  by  Fouque  and  Michel-Lcvy  and  by  P.  Hautefeuille,  Covt]}t.  rend.  xc. 
(1880),  in  130  ;  civ.  (1887),  p.  508.  Xenes  Jalirh.  1897,  ii.  pp.  124-155. 
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Contraction  of  Rocks  in  passing  from  a  Grlassy  to  a  Stony  state.  ^ — 

Eeference  has  been  made  in  the  foregoing  pages  to  the  expansion  of  rocks 
by  heat  and  their  contraction  on  cooling;  likewise  to  the  difference 
between  their  volume  in  the  molten  and  in  the  solid  state.  It  would 
appear  that  the  diminution  in  density,  as  rocks  pass  from  a  crystalline 
into  a  vitreous  condition,  is,  on  the  whole,  greater  the  more  silica  and 
alkali  are  present,  and  is  less  as  the  proportion  of  iron,  lime  and  alumina 
increases.  According  to  Delesse,  granites,  quartziferous  porphyries,  and 
such  highly  silicated  rocks  lose  from  8  to  1 1  per  cent  of  their  density 
when  they  are  reduced  to  the  condition  of  glass,  basalts  lose  from  3  to  5 
per  cent,  and  lavas,  including  the  vitreous  varieties,  from  0  to  4  per  cent.- 
More  recently.  Mallet  observed  that  plate-glass  (taken  as  representative 
of  acid  or  siliceous  rocks)  in  passing  from  the  liquid  condition  into  solid 
glass,  contracts  1*59  per  cent,  100  parts  of  the  molten  liquid  measuring 
98*41  when  solidified;  while  iron-slag  (having  a  composition  not  unlike 
.that  of  many  basic  igneous  rocks)  contracts  6*7  per  cent,  100  parts  of 
the  molten  mass  measuring  93*3  when  cold.^  Prqbably  the  most  accurate 
determinations  in  this  subject  yet  made  are  those  carried  out  by  C.  Barus 
at  the  suggestion  of  the  late  Clarence  King.  He  used  diabase  (ante,  p.  79) 
having  a  mean  density  of  3*0178,  and  in  a  series  of  experiments  reduced 
it  to  the  condition  of  obsidian  by  fusing  it  in  crucibles  of  clay  and  of 
platinum.  He  found  that  the  glass  solidifies  at  a  temperature  of 
1095°  C.,  and  that  the  contraction  on  solidification  may  be  estimated  at 
3  per  cent.  The  density  of  the  cooled  glass  proved  to  be  2*717,  thus 
showing  a  volume  increment  of  10  per  cent.^  By  the  contraction  due 
to  such  changes  in  the  internal  condition  of  subterranean  masses  of  molten 
rock,  minor  oscillations  of  level  of  the  surface  may  be  accounted  for. 
Thus,  the  vitreous  solidification  of  a  molten  mass  of  siliceous  rock  1000 
feet  thick  might  cause  a  subsidence  of  about  1 6  feet ;  while,  if  the  rock 
were  basic,  the  amount  of  subsidence  might  be  6  7  feet. 

Sublimation. — It  has  long  been  known  that  many  mineral  substances 
can  be  obtained  in  a  crystalline  form  from  the  condensation  of  vapours 
(pp.  269,  313).  This  process,  called  Sublimation,  may  be  the  result  of 
the  mere  cooling  and  re-appearance  of  bodies  which  have  been  vaporised 
by  heat  and  solidify  on  cooling,  or  of  the  solution  of  these  bodies  in  other 

^  Contrary  to  the  general  opinion  and  the  results  obtained  by  other  experimenters,  Prof. 
F.  Niess  of  Hohenheim  came  to  the  conclusion  that  rocks  expand  in  solidification.  Pwgntm 
zvjT  70  Jahresfeier  Almcl.  Wurtemherg,  Stuttgart,  1889,  cited  by  C.  Barus  in  the  paper 
quoted  below. 

^  Bull.  Soc.  Giol.  France,  1847,  p.  1390.  Bischof  had  determined  the  contraction  of 
granite  to  be  as  much  as  25  per  cent  (Leonhard  and  Broun,  Jahrh.  1841).  Tlie  correctness 
of  this  determination  was  disputed  by  D.  Forbes  [OeoL  Mag.  1870,  p.  1),  who  found  from 
his  own  experiments  that  the  amount  of  contraction  must  be  much  less.  The  values  given 
by  him  were  still  much  in  excess  of  those  afterwards  obtained  with  much  care  by  Mallet. 
Compare  0.  Fisher,  ‘Physics  of  the  Earth’s  Crust,’  2nd  edit.  p.  45,  and  Barus  as  cited 
below. 

^  Phil.  Trans,  clxiii.  pp.  201,  204  ;  clxv. ;  Proc.  Roy.  Soc.  xxii.  p.  328. 

^  “High  Temperature  Work  in  Igneous  Fusion  and  Ebullition,”  Bull.  U.  S.  G.  S.  No. 
103  (1893). 
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vapours  or  gases,  or  of  the  reaction  of  different  vapours  upon  each  other. 
These  operations,  of  such  common  occurrence  at  volcanic  vents,  and  in 
the  crevices  of  recently  erupted  and  still  hot  lava-streams,  have  been 
successfully  imitated  by  experiment.  In  the  early  researches  of  Sir 
James  Hall  on  the  dffects  of  heat  modified  by  compression,  he  obtained 
by  sublimation  ‘‘transparent  and  well-defined  crystals,”  liniug  the  un¬ 
occupied  portion  of  a  hermetically  sealed  iron  tube,  in  which  he  had 
placed  and  exposed  to  a  high  temperature  some  fragments  of  limestone.^ 
Numerous  experiments  have  been  made  by  Delesse,  Daubr^e,  and  others 
in  the  production  of  minerals  by  sublimation.  Thus,  many  of  the  metallic 
sulphides  found  in  mineral  veins  have  been  produced  by  exposing  to  a 
comparatively  low  temperature  (between  that  of  boiling  water  and  a  dull- 
red  heat)  tubes  containing  metallic  chlorides  and  sulphide  of  hydrogen. 
By  varying  the  materials  employed,  corundum,  quartz,  apatite,  and  other 
minerals  have  been  obtained.  It  is  not  difficult,  therefore,  to  understand 
how,  in  the  crevices  of  lava-streams  and  volcanic  cones,  as  well  as  in 
mineral  veins,  sulphides  and  oxides  of  iron  and  other  minerals  may  have 
been  formed  by  the  ascent  of  heated  vapours.  Superheated  steam  is 
endowed  with  a  remarkable  power  of  dissolving  that  intractable  substance, 
silica  ;  artificially  heated  to  the  temperature  of  the  melting-point  of  cast- 
iron,  steam  rapidly  attacks  silica,  and  deposits  the  mineral  in  snow-white 
ci-ystals  as  it  cools.  Sublimation,  however,  can  hardly  be  conceived  as 
having  operated  in  the  formation  of  rocks,  save  here  and  there  in  the 
infilling  of  open  fissures. 

§  2.  Influence  of  Heated  Water. 

In  the  geological  contest  fought  at  the  beginning  of  last  century 
between  the  Neptunists  and  the  Plutonists,  the  two  great  battle-cries 
were,  on  the  one  side,  Water,  on  the  other.  Fire.  The  progress  of  science 
since  that  time  has  shown  that  each  of  the  parties  had  some  timth  on  its 
side,  and  had  seized  one  aspect  of  the  problems  touching  the  origin  of 
rocks.  If  subterranean  heat  has  played  a  large  part  in  the  construction 
of  the  materials  of  the  earth’s  crust,  water,  on  the  other  hand,  has  per¬ 
formed  a  hardly  less  important  share  of  the  task.  They  have  often  co¬ 
operated  together,  and  in  such  a  way  that  the  results  must  be  regarded 
as  their  joint  achievement,  wherein  the  respective  share  of  each  can 
hardly  be  exactly  apportioned.  In  Part  II.  of  this  book  the  chemical 
operation  of  infiltrating  water,  at  ordinary  temperatures  at  the  surface, 
and  among  rocks  at  limited  depths,  is  described.  We  are  here  concerned 
mainly  with  the  work  done  by  water  when  within  the  influence  of 
subterranean  heat,  and  the  manner  in  which  this  work  can  be  experi¬ 
mentally  imitated. 

Presence  of  Water  in  all  Rocks. ^ — Besides  its  combinations  in 
hydrous  minerals,  water  may  exist  in  rocks  either  (1)  retained  interstiti- 
^  Tram.  Roy.  tioc.  Edin.  vi.  p.  110. 

The  geological  influence  of  water  has  been  treated  in  a  masterly  way  by  Daubree  in  his 
work,  ‘Les  Eaiix  souterraines  4  TBpoque  actuelle/ 2  vols.  1887  ;  and  ‘  Les  Eaux  souter- 
raincs  aux  ^poques  ancieiines,'  1  vol.  1887. 
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ally  among  minute  crevices,  or  (2)  imprisoned  within  the  microscopic 
cells  of  crystals. 

(1.)  By  numerous  observations  it  has  been  proved  that  all  rocks 
within  the  accessible  portion  of  the  earth’s  crust  contain  interstitial 
water,  or,  as  it  is  sometimes  called,  quarry-water  {eau  de  carrihre).  This 
is  not  chemically  combined  with  their  mineral  constituents,  but  is  merely 
retained  in  their  pores.  Most  of  it  evaporates  when  the  stone  is  taken 
out  of  the  parent  rock  and  freely  exposed  to  the  atmosphere.  The 
absorbent  powers  of  rocks  very  greatly,  and  chiefly  in  proportion  to  their 
degree  of  porosity.  Grypsum  absorbs  from  about  0-50  to  1'50  per  cent 
of  water  by  weight;  granite,  about  0*37  per  cent;  quartz  from  a  vein  in 
granite,  0*08  ;  chalk,  about  20*0  ;  plastic  clay,  from  19*b  to  24*5. 
These  amounts  may  be  increased  l)y  exhausting  the  air  from  the  speci¬ 
mens  and  then  immersing  them  in  water.^  No  mineral  substance  is 
strictly  impervious  to  the  passage  of  water.  The  well-known  artificial 
colouring  of  agates  proves  that  even  mineral  substances,  apparently  the 
most  homogeneous  and  impervious,  can  be  traversed  by  liquids.  In  the 
series  of  experiments  above  referred  to  (p.  354),  Banbr^e  has  illustrated 
the  power  possessed  by  water  of  penetrating  rocks,  in  virtue  of  their 
porosity  and  capillarity,  even  against  a  considerable  counter-pressure  of 
vapour  ;  and,  without  denying  the  presence  of  original  water,  he  concludes 
that  the  interstitial  water  of  igneous  rocks  may  all  have  been  derived  by 
descent  from  the  surface.  The  masterly  researches  of  Poiseuille  have 
shown  that  the  rate  of  flow  of  liquids  through  capillaries  is  augmented  by 
heat.  He  proved  that  water  at  a  temperature  of  45''  C.  in  such  situations 
moves  nearly  three  times  faster  than  at  a  temperature  of  0'^'  C.^  the 
high  temperatures  under  which  the  water  must  exist  at  some  depth 
within  the  crust,  its  power  of  penetrating  the  capillary  interstices  of  rocks 
must  be  increased  to  such  a  degree  as  to  enable  it  to  become  a  powerful 
geological  agent. 

(2.)  Reference  has  already  (p.  142)  been  made  to  the  presence  of 
minute  cavities,  containing  water  and  various  solutions,  in  the  crystals  of 
many  rocks.  The  water  thus  imprisoned  was  obviously  enclosed  with 
its  gases  and  saline  solutions,  at  the  time  when  these  minerals  crystallised 
out  of  their  pai'ent  magma.  The  quartz  of  granite  is  usually  full  of  such 
water-vesicles.  ‘‘A  thousand  millions,”  says  Mr.  J.  Clifton  Ward, 
might  easily  he  contained  within  a  cubic  inch  of  quartz,  and  sometimes 
the  contained  water  must  make  up  at  least  5  per  cent  -  of  the  whole 
volume  of  the  containing  quartz.” 

Solvent  Power  of  Water  among  Rocks. — The  presence  of  interstitial 
water  must  affect  the  chemical  constitution  of  rocks.  It  is  now  well 
understood  that  there  is  probably  no  terrestrial  substance  which, under 
proper  conditions,  is  not  to  some  extent  soluble  in  water.  By  an  interest¬ 
ing  series  of  experiments,  made  many  years  ago  by  W,  B,  and  H.  D. 

^  See  an  iiiteiestiiig  paper  by  Delesse,  B.  S.  G.  F.  2ine  ser.  xix.  (1861-2),  p.  65. 

^  Compi$s  rendus  (1840),  xi.  p.  1048.  Pfaff  (‘ Allgemeine  Geologie/ p.  141)  concluded 
from  calculations  as  to  the  relations  between  pressure  and  tension  ttat  water  may  descend 
to  any  depth  in  fissures  and  remain  in  a  fluid  state  even  at  high  temperatures. 
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Rogers,  it  was  ascertained  that  the  ordinary  mineral  constituents  of  rocks 
could  he  dissolved  to  an  appreciable  extent  even  by  distilled  water,  and 
that  the  cliange  was  accelerated  and  augmented  by  the  presence  of 
carbonic  acid.^  Water,  as  pare  as  it  ever  occurs  in  a  natural  state,  can 
hold  in  solution  appreciable  proportions  of  silica,  alkaliferous  silicates, 
and  iron -oxide,  even  at  ordinary  temperatures:  The  mere  presence, 
therefore,  of  water  within  the  pores  of  subterranean  rocks  cannot  but 
give  rise  to  changes  in  the  composition  of  these  rocks.  Some  of  the 
soluble  materials  must  be  dissolved,  and,  as  the  water  evaporates,  will  be 
re-deposited  in  a  new  form. 

This  Power  increased  by  Heat. — The  chemical  action  of  water  is 
marked  at  ordinary  and  even  at  low  temperatures.  M.  Lacroix,  for 
example,  has  described  the  formation  of  zeolites  by  snow-water  in  the 
Pyrenees.-  There  can  be  no  doubt,  however,  that  the  action  is  increased 
by  heat.  But  a  high  temperature  is  not  necessary  for  many  important 
mineral  re-arrangements.  Daubr6e  has  proved  that  very  moderate  heat, 
not  more  than  50°  C.  (122°  Fahr.)  has  sufficed  for  the  production  of 
zeolites  in  Roman  bricks  by  the  mineral  waters  of  Plombieres.'"^  He  has 
experimentally  demonstrated  the  vast  increase  of  chemical  activity  of 
water  with  augmentation  of  its  temperature,  by  exposing  a  glass  tube 
containing  about  half  its  weight  of  water  to  a  temperature  of  about  400° 
C.  At  the  end  of  a  week  he  found  the  tube  so  entirely  changed  into  a 
white,  opaque,  powdery  mass,  as  to  present  not  the  least  resemblance  to 
glass.  The  remaining  water  was  highly  charged  with  an  alkaline  silicate 
containing  63  per  cent  of  soda  and  37  per  cent  of  silica,  with  traces  of 
potash  and  lime.  The  white  solid  substance  was  ascertained  to  be 
composed  almost  entirely  of  crystalline  materials,  partly  in  the  form  of 
minute  perfectly  limpid  bi-pyramidal  crystals  of  quartz,  but  chiefly  of 
very  small  aciciilar  prisms  of  wollastonite.  It  was  found,  moreover,  that 
the  portion  of  the  tube  which  had  not  been  directly  in  contact  with  the 
water  was  as  much  altered  as  the  rest,  whence  it  was  inferred  that,  at 
these  high  temperatures  and  pressures,  the  vapour  of  water  acts  chemically 
like  the  water  itself. 

Co-operation  of  Pressure. — The  effect  of  pressure  must  be  recognised 
as  most  important  in  enabling  water,  especially  when  heated,  to  dissolve 
and  retain,  in  solution  a  larger  quantity  of  mineral  matter  than  it  could 

^  A7?ier.  Jovrn.  Sci.  (2),  v.  j).  401.  This  subject  is  exhaustively  treated  by  Daubree  in 
vol.  ii.  of  the  -work  cited  on  p.  409.  He  enumerates  48  elements  which  have  been  detected 
ill  natural  waters  or  in  their  deposits.  The  alkaline  reaction  of  many  minerals  which  the 
brothers  Rogers  observed  has  recently  been  more  especially  tested  by  F.  W.  Clarke,  and  has 
been  quantitatively  determined  by  G.  Steiger,  J).  U.  S.  O.  S.  No.  167,  1900,  pp.  156,  159. 
It  appears  tliat  the  action  of  water  is  rapidly  appreciable,  and  that  at  the  end  of  a  month  the 
powdered  iriinerals,  consisting  of  common  silicates,  kept  in  water  at  a  temperature  of  TO"" 
Fahr.  lost  from  0*05  to  0’57  per  cent  of  alkalies. 

CoDipt,  rend,  cxxiii.  (1896),  p.  761. 

‘Gcologie  experimentale,’ p.  462.  The  experiments  of  J.  J.  Waterston  to  determine 
the  expansion  of  water  showed,  as  far  hack  as  1863,  that  hard  German  glass  begins  to 
whiten  and  cloud  below  300°  C.,  and  becomes  mottled  with  opaque  patches.  Phil.  Mag. 
xxvi.  (1863),  p.  119. 
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otherwise  do,^  and  also  in  preventing  chemical  changes  which  take  place 
at  once  when  the  pressure  is  removed.^  In  Daubr6e’s  experiments  above 
cited,  the  tubes  were  hermetically  sealed  and  secured  against  fracture,  so 
that  the  pressure  of  the  gi'eatly  superheated  vapour  had  full  effect.  By 
this  means,  with  alkaline  water,  he  not  only  produced  the  two  minerals 
above  mentioned,  hut  also  felspar  and  diopside. 

The  compressibility  of  water  above  100°  0.,  and  its  solvent  action  on 
glass,  have  been  recently  investigated  by  C.  Barns,  who  points  out  that  as 
this  action  is  accompanied  by  a  contraction  of  the  original  bulk  of  silicate 
and  water,  it  is  presumably  accompanied  by  an  evolution  of  heat. 
“  Hence,”  he  remarks,  ‘‘if  water  at  a  temperature  above  200°,  and  under 
a  pressure  sufficient  to  keep  it  liquid,  be  so  circumstanced  that  the  heat 
produced  cannot  easily  escape,  the  arrangement  in  question  is  virtually 
a  furnace ;  and,  since  such  conditions  are  necessarily  met  with  in  the 
upper  layers  of  the  earth's  crust,  it  follows  that  the  observed  thermal 
gradient  (ie.  the  increase  of  temperature  in  depth  below  the  earth’s 
surface)  will  be  steeper  than  a  gradient  which  would  result  purely  from 
the  normal  distribution  of  terrestrial  heat.  In  other  words,  the  observed 
rate  of  increase  of  temperature  with  depth  is  too  large,  since  it  contains 
the  effects  of  a  chemical  phenomenon  superimposed  upon  the  pure 
phenomenon  of  heat  conduction.”  ^ 

Applying  the  results  obtained  hy  experiment  to  the  consideration  of 
the  crystalline  rocks,  we  recognise  better  the  value  of  the  inference  already 
stated,  that  the  liquid  carbon-dioxide  enclosed  in  the  minute  pores  of  many 
of  these  rocks,  such  as  granite,  indicates  the  high  pressure  under  which  these 
masses  solidified.  Besides  the  pressure  due  to  their  varying  depth  from 
the  surface,  the  rocks  must  have  been  subject  to  the  enormous  expansion 
of  the  superheated  water  or  vapour  which  filled  all  their  cavities,  and 
sometimes,  also,  to  the  compression  resulting  from  the  secular  contraction 
of  the  globe  and  consequent  corrugation  of  the  crust.  Mr.  Sorby  inferred 
that  in  many  cases  the  pressure  under  which  granite  consolidated  must 
have  been  equal  to  that  of  an  overlying  mass  of  rock  50,000  feet  or  more 
(upwards  of  9  miles)  in  thickness,  while  De  la  Yall6e  Poussin  and  Eenard 
from  other  data  deduced  a  pressure  equal  to  87  atmospheres  (p.'  145). 

Aquo-ig*neoas  Fusion. — As  far  hack  as  the  year  1846,  Scheerer 
observed  that  there  exist  in  granite  various  minerals  which  could  not 
have  consolidated  save  at  a  comparatively  low  temperature.^  He 
instanced  especially  gadolinites,  orthites,  and  allanites,  which  cannot 
endure  a  higher  temperature  than  a  dull-red  heat  without  altering  their 
physical  characters ;  and  he  concluded  that  granite,  though  it  may  have 

^  Sorby  has  sliown  that  the  solubility  of  all  salts  which  exhibit  contiaction  in  solution, 
is  remarkably  increased  by  pressure.  Proc.  Roy.  jSoc.  (1862-63),  p.  340. 

^  See  Cailletet,  NccturforscJier,  v,  ;  Pfaff,  JS^eues  Jalirb.  1871  ;  W.  Spring,  Bull.  Acad. 
Roy.  Belgique^  2nd  ser.  xlix.  (1880),  p.  369.  Pfaff  found  that  plaster  does  not  absorb  water 
under  a  pressure  of  40  atmospheres. 

^  On  the  compressibility  of  liquids,  B.  If.  S.  O.  S.  No.  92  (1892),  p.  84.  On  the  aqueous 
fusion  of  glass,  Amer.  Jour.  Sci.  xU.  (1891),  p.  110  ;  Phil.  Mag.  xlvii.  (1899),  pp.  104,  461. 

Bull.  Soc.  Giol.  France,  iv.  p.  468. 
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possessed  a  high  temperature,  cannot  have  solidified  from  simple  igneous 
fusion,  but  must  have  been  a  kind  of  pasty  mass  containing  a  considerable 
proportion  of  water.  It  is  common  now  to  speak  of  the  aquo-igneous  ” 
origin  of  some  eruptive  rocks,  and  to  treat  their  production  as  a  part  of 
what  are  termed  the  hydro-thermal  ”  operations  of  geology. 

Scheerer,  Elie  de  Beaumont,  and  Daubrc^e  have  shown  how  the 
presence  of  a  comparatively  small  quantity  of  water  in  eruptive  igneous 
rocks  may  have  contributed  to  suspend  their  solidification,  and  to  promote 
the  crystallisation  of  their  silicates  at  temperatures  considerably  below 
the  point  of  fusion  and  in  a  succession  different  from  their  relative  order 
of  fusibility.  In  this  way,  the  solidification  of  quartz  in  granite  after  the 
crystallisation  of  the  silicates,  which  would  be  unintelligible  on  the  sup¬ 
position  of  mere  dry  fusion,  becomes  explicable.  The  water  may  be 
regarded  as  a  kind  of  mother-liquor  out  of  which  the  silicates  crystallise 
without  reference  to  relative  fusibility. 

The  researches  of  the  late  Professor  Guthrie  on  the  influence  of  water 
in  lowering  the  fusing  points  of  various  substances  have  an  important 
geological  bearing.  He  showed  that  while  the  melting-point  of  nitre  by 
itself  is  320°  C.,  an  admixture  of  only  IT 4  per  cent  of  water  reduced 
the  temperature  of  fusion  by  20°,  while  by  increasing  the  proportion  of 
water  to  29*07  per  cent  he  lowered  the  melting-point  to  97*6°,  and  he 
concluded  that  the  phenomenon  of  fusion  is  nothing  more  than  an 
extreme  case  of  liquefaction  by  solution.’’  He  could  see  no  reason  why 
water  should  not  exist  even  at  the  earth’s  centre,  for  even  granting  that 
it  has  a  “critical  temperature,”  still,  “at  high  pressures  it  will  be  com¬ 
pressible  as  a  vapour  to  a  density  at  least  as  great  as  that  of  liquid  water.” 
He  concluded  that  “  water  at  a  high  temperature  may  not  only  play  the 
part  of  a  solvent  in  the  ordinary  restricted  sense,  but  that  there  is  in 
many  cases  no  limit  to  its  solvent  faculty  ;  in  other  words,  that  it  may 
be  mixable  with  certain  rocks  in  all  pi'oportions ;  that  solution  and 
mixture  are  continuous  with  one  another,  in  some  cases  at  temperatures 
not  above  the  temperature  of  fusion  of  those  bodies  per  seF  ^ 

Professor  Guthrie  was  disposed  to  doubt  whether  the  replenishment 
of  water  by  capillary  descent  from  the  surface  was  necessary  for  the 
production  of  these  phenomena  of  fusion  and  volcanic  eruption.  Professor 
Daubr6e’s  experiments,  however,  enable  us  to  see  how  the  supply  of 
water  may  be  kept  up  from  superficial  sources ;  while  from  those  of  Professor 
Guthrie  we  learn  that  when  the  descending  water  reaches  masses  of 
highly  heated  but  still  solid  rock,  it  may  allow  them  to  pass  into  a  fused 
condition  and  to  exert  a  powerful  expansive  force  on  the  overlying  crust. 

Artificial  Production  of  Minerals. — As  the  result  of  experiments, 
both  in  the  dry  and  moist  way,  various  minerals  have  been  produced  in 
the  crystalline  form.  Among  the  minerals  successfully  reproduced  are 
quartz,  tridymite,  corundum,  haematite,  titaniferous  iron,  magnetite,  spinel, 
pleonaste,  hercynite,  zircon,  emerald,  ruby,  hornblende,  olivine,  augite, 
enstatite,  hypersthene,  diopside,  wollastonite,  melanite,  melilite,  several 
felspars,  leucite,  nepheline,  hauyne,  nosean,  ^sodalite,  meionite,  petalite, 
^  Phil.  Mag.  xviii.  (1884),  p.  117. 
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several  zeolites,  dioptase,  rutile,  brookite,  anatase,  perowskite,  spbene, 
calcite,  aragonite,  dolomite,  witlierite,  siderite,  cerusite,  malachite,  diaspore, 
vivianite,  apatite,  anhydrite,  diamond,  with  many  metallic  oresd 

Artificial  Alteration  of  Internal  Structures. — Besides  showing  the 
solvent  power  of  superheated  water  and  vapour  upon  glass  in  illustration 
of  w^hat  happens  within  the  crust  of  the  earth,  Daubr^e’s  experiments 
possess  a  high  interest  and  suggestiveness  in  regard  to  the  internal  re¬ 
arrangements  and  new  structures  which  water  may  superinduce  upon 
rocks.  Hermetically  sealed  glass  tubes  containing  scarcely  one-third  of 
their  weight  of  water,  and  exposed  for  several  days  to  a  temperature 
below  an  incipient  red-heat,  showed  not  only  a  thorough  transformation 
of  structure  into  a  white,  porous,  kaolin-like  substance,  encrusted  with 
innumerable  bipyramidal  crystals  of  quartz,  like  those  of  the  drusy 
cavities  of  rocks,  but  had  acc{uired  a  very  distinct  fibrous  and  even  an 
eminently  schistose  structure.  The  glass  was  found  to  split  readily  into 
concentric  laminae  arranged  in  a  general  way  parallel  to  the  original 
surfaces  of  the  tube,  and  so  thin  that  ten  of  them  could  be  counted  in  a 
breadth  of  a  single  millimetre.  Even  where  the  glass,  though  attacked, 
retained  its  vitreous  character,  these  fine  zones  appeared  like  the  lines  of 
an  agate.  The  whole  structure  recalled  that  of  some  schistose  and 
crystalline  rocks.  Treated  with  acid,  the -altered  glass  crumbled  and 
permitted  the  isolation  of  certain  nearly  opaque  globules  and  of  some 
minute  transparent  infusible  acicular  crystals  or  microlites,  sometimes 
grouped  in  bundles  and  reacting  on  polarised  light.  Keduced  to  thin 
slices,  and  examined  under  the  microscope  with  a  magnifying  power  of 
300  diameters,  the  altered  glass  presented:  1st,  Spherulites,  of  a 
millimetre  in  radius,  nearly  opaque,  yellowish,  bristling  with  points 
which  perhaps  belong  to  a  kind  of  crystallisation,  and  with  an  internal 
radiating  fibrous  structure  (these  resist  the  action  of  concentrated  hydro¬ 
chloric  acid,  whence  they  cannot  be  a  zeolite,  but  may  be  a  sub¬ 
stance  like  chalcedony)  ;  2nd,  innumerable  colourless  acicular  microlites, 
with  a  frequently  stellate,  more  rarely  solitary  distribution,  resisting  the 
action  of  acid  like  quartz  or  an  anhydrous  silicate ;  3rd,  dark  green 
crystals  of  pyroxene  (diopside).  Daubr^e  satisfied  himself  that  these  en¬ 
closures  did  not  pre-exist  in  the  glass,  but  were  developed  in  it  during 
the  process  of  alteration.^ 

But  beside  the  effects  from  increase  of  temperature  and  pressure, 
we  have  to  take  into  account  the  fact  that  water  in  a  natural  state  is 
never  chemically  pure.  Eain,  falling  through  the  air,  absorbs  in  par¬ 
ticular  oxygen  and  carbon-dioxide,  and,  filtering  through  the  soil,  abstracts 
more  of  this  oxide  as  well  as  other  results  of  decomposing  organic 

^  See  tlie  works  of  Daiibrt'e,  Foiiqu^,  Micliel-Lcvy,  Morozewicz,  and  others  above  cited. 

^  ‘  G6ol.  experim.’  p.  158  et  seq.  The  production  of  crystals  and  microlites  in  the 
devitrification  of  glass  at  comparatively  low  temperatures  hy  the  action  of  water  is  of  great 
interest.  The  first  observer  who  described  the  phenomenon  ajppears  to  have  been  Brewster, 
who,  in  the  second  decade  of  last  century,  studied  the  effect  upon  polarised  light  of  glass 
decomposed  by  ordinary  meteoric  ..action.  {Phil.  Trans.  1814  ;  Trans.  Roy.  Soc.  Edin.  xxii. 
{I860),  p.  607.  See  on  the  weathering  of  rocks,  postea,  p.  448  et  seq.) 
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matter.  It  is  thus  enabled  to  effect  numerous  decompositions  of  sub¬ 
terranean  rocks,  even  at  ordinary  temperatures  and  pressures.  Eut  as  it 
continues  its  underground  journey,  and  obtains  increased  solvent  power, 
the  very  solutions  it  takes  up  augment  its  capacity  for  effecting  mineral 
transformations.  The  influence  of  dissolved  alkaline  carbonates  in  pro¬ 
moting  the  decomposition  of  many  minerals  was  long  ago  pointed  out  by 
Bisehof.  In  1857  Stony  Hunt  showed  by  experiments  that  water 
impregnated  with  these  carbonates  would,  at  a  temperature  of  not  more 
than  212"  Fahr.,  produce  chemical  reactions  among  the  elements  of  many 
sedimentary  rocks,  dissolving  silica  and  generating  various  silicates.^ 
Daubree  likewise  proved  that  in  presence  of  dissolved  alkaline  silicates, 
at  temperatures  above  700"  Fahr.,  various  siliceous  minerals,  as  quartz, 
felspar,  and  pyroxene,  could  be  crystallised,  and  that  at  this  temperature 
the  silicates  would  combine  with  kaolin  to  form  felspar.- 

As  already  stated,  various  “  mineralising  agents  promote  the  crystal 
lisation  of  minerals.  The  pi'esence  of  fluorine  has  been  proved  experi¬ 
mentally  to  have  a  remarkable  action  in  facilitating  some  precipitates, 
especially  tin-oxides,  as  well  as  in  other  parts  of  the  mechanism  of 
mineral  veins.^  Illustrations  of  the  important  part  probably  played  by 
this  element  in  the  crystallisation  of  some  minerals  and  rocks  were 
obtained  by  Ste.  Claire  Deville  and  Hautcfeuille,  who  by  the  use  of 
compounds  of  fluorine  produced  such  minerals  as  rutile,  brookite,  anatase 
and  corundum  in  crystalline  form.^  Ellie  de  Beaumont  inferred  that  the 
mineralising  influence  of  fluorine  had  been  effective  even  in  the  crystallisa¬ 
tion  of  granite.  He  believed  that  “  the  volatile  compound  enclosed  in 
granite,  before  its  consolidation  contained  not  only  water,  chlorine  and 
sulphur,  like  the  substance  disengaged  from  cooling  lavas,  but  also 
fluorine,  phosphorus  and  boron,  whence  it  acquired  much  greater  activity 
and  a  capacity  for  acting  on  many  bodies  on  which  the  volatile  matter 
contained  in  the  lavas  of  Etna  has  but  a  comparatively  insignificant 
action.’’^  We  have  seen  above  that  in  recent  fusion  experiments  these 
mineralising  agents  have  been  found  eminently  eflficaceous. 

§  3.  Effects  of  Compression,  Tension,  and  Fracture. 

Among  the  geological  revolutions  to  which  the  crust  of  the  earth 
has  been  subjected,  its  rocks  have  been  in  some  places  powerfully  com¬ 
pressed  ;  elsewhere  they  have  undergone  enormous  tension,  and  almost 
everywhere  they  have  been  more  or  less  ruptured.  Hence  internal 
structures  have  been  developed  which  were  not  originally  present  in  the 
rocks.  These  structures  will  be  more  properly  considered  in  Book  IV. 
We  are  here  concerned  mainly  with  the  nature  and  operation  of  the 
agencies  by  which  they  have  been  produced. 

^  R/uL  Marj.  xv.  p.  68. 

^  Bull.  Soc.  (Hoi.  France,  xv.  (1885),  p.  103. 

First  suggested  by  Daubree,  Ami.  des  Mines  (1841),  3ine  ser.  xx.  p.  65. 

**  Oompt.  rend.  xlvi.  p.  764  (1858);  xlvii.  p.  89;  Ivii.  p.  648  (1865).  Fouqiie  and 
Micliel-L6vy,  ‘Synthfese  des  Mineraux  et  des  Koches.’ 

•'5  B.  S.  Q.  F.  iv.  (1846),  p.  1249. 
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The  most  obvious  rt^siilt  of  pressure  upon  rocks  is  roimoliclaticm,  as 
where  a  mass  of  loose  sand  is  gradually  compactcHl  into  a  more  or  Iohk 
coherent  stone,  or  where,  with  accompanying  ehemieal  <'hang<‘s,  a  layer 
of  vegetation  is  coriipressed  into  peat,  lignite  or  coal.  The  coln^Hion  «)f 
a  sedimentary  rock  may  Ixi  due  merely  to  the  pressun*  of  tin*  super¬ 
incumbent  strata,  but  sonui  cementing  material  has  UHually  contribtiled  to 
bind  tlie  compommt  particles  togetlnn*.  Of  these  natural  ciunmitH  the 
most  fre<|uent  arc‘,  peroxide  of  iron,  silica,  and  carbonat{‘  of  lime.  Moderate 
pressure  equally  distributed  ov(T  a  nx'k  pr(‘s(mting  every wltere  nearly 
the  same  amount  of  resistance  will  {)roinot(?  (amsolidation,  but  may  piu 
(luce  no  further  internal  change.  Where  the*,  component  partieles  are 
chiefly  crystalline,  pressun*,  may  indime  a  crystalline  ntrueture  upon  the 
whole  mass,  as  reemnt  cxpenm(*nts  have  shownd  If,  however,  the  pres¬ 
sure  becomes  (jxtnunely  unecpial,  or  if  tln^  roc*k  subjcctitd  It  can  find 
escap(i  from  the  strain  in  one  or  more  directions,  it  may  flow  as  ii  pkihtic 
mass,  or  may  uiuhugo  shear  in  certain  plancjs,  or  may  1h^  crumpled,  or  the 
limit  of  its  rigidity  may  bc^  passed  and  rupture  may  take  place.  Some 
(iOUse(i\i(mc(^H  of  these  movmne.nts  may  ho  briefly  allmhxl  here  in 
illustration  of  hypogciiic*,  action  in  dynamical  geology. 

(1)  Minor  Ruptures  and  Noises.— Among  numntain  valhyn,  in  mil- 
way  timnels  through  hilly  nigions,  f>r  (‘Isewhere,  among  rocks  siibjcw.tcd 
to  much  lateral  pressure,  or  where,  owing  to  the  removal  of  material  by 
running  water,  and  the  eonscxiuent  formation  (»f  ca.vitien,  subsidenee  k 
in  progress,  sduihIh  as  of  explosions  are  oecasicmally  Iieard.  In  niiiiiy 
instances,  these  noises  anj  tlui  result  of  n^liid  fnnn  great  lateral  coriipres' 
sion,  the  rocks  having  forages  been  in  a  stab*  of  strain,  from  which  m 
denudation  advances,  or  as  artifichal  excavations  are  maide,  they  arfs 
relieved.  This  relief  takes  place,  not  always  nniforndy,  hut  smiieliiiiiM 
cumulatively  by  successive  shocks  or  Bnaps.  Mr.  W.  II.  Xilim  of  Boston 
has  described  a  number  of  interesting  cjasan  wdiere  the  effects  of  ,hiic!li 
expansion  could  !)0  seen  in  (piarries ;  large  hha-ks  of  rock  being  rent  and 
crushed  into  fragments,  and  smaller  pi(H*(!H  being  even  clincdiarged  with 
explosion  into  the  air,^  More  rcjcontly  Mr.  A.  Htralian  has  called  at  linn 
tion  to  the  occtirr<mc(3  of  slickensidcd  surfaces  in  tint  lead  mines  of  Iiiuby- 
shire  which  on  being  struck  or  overi  scratched  with  a  miners  pick  hreiik 
off  with  (*.xploKive  violence,  and  In*.  HUggests  that  the  sparii  and  ores  along 
those  surfac(iH  are  in  sbate  of  moleciilar  strain,  rcHcntliling  that  t»f  the 
Rupert’s  Drop  or  of  toughened  glass,  and  that  tliis  coiiflition  of  fttridn  i» 
the  result  of  this  earth  movements,  whicli  produced  the  Hlickeiwides.”^* 

If  such  is  the  state  of  strain  in  which  somt?  nx'ks  exist  even  at  the 
surface?  or  at  no  great  disbinci*  beneath  it,  we  c‘an  realise  tliat  at  grimt 
depths,  when?  escape  from  strain  is  for  long  fierioils  imposHible,  and  the 
compression  of  the  masses  must  be  enormous,  any  sudd(?n  relief  from  this 
strain  may  well  give  rise  to  an  earthquake-shock  (p.  '170).  A  eontiiiuixl 

'  W.  Spring,  /hiil.  AaaL  Mf'i/.  Helg*  1S80,  p.  875. 

Proc.  Jkmt(m  AV/r,  Xaf.  Hint,  xvtii.  (1876),  p.  272. 

**  (hoi.  Matj.  1887,  p.  400.  See  alw#  tin*  fianie  volmiic,  pp.  511,  522,  ai»i  Jwirr.  Jimrn, 
ScL  xlL  (1801),  p.  400. 
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condition  of  strain  must  also  influence  the  solvent  power  of  water  per¬ 
meating  the  rocks  (p.  411). 

(2)  Consolidation  and  Welding. — That  pressure  consolidates  rocks 
is  familiar  knowledge.  Loose  sedimentary  materials  may  by  mere  pres¬ 
sure  be  converted  into  more  or  less  firm  and  hard  masses.  Experiments 
by  W.  Spring  upon  many  substances  in  the  state  of  powder  have  shown 
that  under  high  pressure  they  become  welded  into  solid  substances. 


Fiji;,  sso.— Section  of  coinpressed  Argilla(‘eou.s 
Uock  in  which  Cleavnge-, structure  has  been 
<levelope(l.  Masnilled.  (Compare  Fig.  2(55). 


Fig,  81. — Section  of  a  similar  Rock  which  has  not 
undergone  this  modification.  Magnified. 


Under  a  pressure  of  6000  atmospheres,  coal-dust  becomes  a  brilliant  solid 
block,  taking  the  mould  of  the  cavity  in  which  it  is  placed,  and  thereby 
giving  evidence  of  plasticity.  Peat,  in  like  manner,  becomes  a  brilliant 
black  substance  in  which  all  trace  of  the  original  structure  is  gone.^ 

(3)  Cleavage. — Over  extensive  tracts  of  country  a  peculiar  structure 
has  been  superinduced  by  powerful  lateral  pressure,  especially  upon  fine¬ 
grained  argillaceous  rocks,  which  are  then  termed  slates.  They  split  along 
a  set  of  platies  which,  as  a  rule,  are  highly  inclined  or  vertical,  and  inde¬ 
pendent  of  the  original  bedding.  Examined  more  minutely,  it  is  found  that 
their  component  particles,  which  in  most  cases  have  a  longer  and  shorter 


S2.— Curved  Quartz  Rock  travc'rsed  by  vertical  and  highly-iiicliucd  Cleavage.  South  Stack 
Lighthouse,  Auglesea  (JL). 

axis,  have  grouped  themselves  with  their  long  axes  generally  in  one  com¬ 
mon  direction,  and  parallel  with  the  planes  of  fissility.  An  ordinary  shale 
may  present  under  the  microscope  such  a  structure  as  is  shown  in  Fig. 
81.  But  where  it  has  undergone  the  change  here  referred  to,  it  has 
acquired  the  structure  represented  in  Fig.  80.  Eocks  which,  having  been 
thus  acted  on,  have  acquired  this  superinduced  fissility,  are  said  to  be 
^  BulL  Acad.  Roy.  Jlelg,  1880,  p.  325  ;  and  ante,  p.  182. 
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between  the  strike  and  the  cleavage  ;  for  if  descent  by  gravitation  were  the 
main  cause,  we  should  expect  to  find  the  rocks  sheared  far  more  irregu¬ 
larly  than  even  the  most  irregular  disposition  of  cleavage.  That  in 
cleavage  there  has  been  a  true  distortion  of  the  rocks  is  indubitable  ;  and 
the  amount  of  distortion  may  be  ascertained  by  the  extent  of  the  altera¬ 
tion  of  shape  of  fossils  (Figs.  85-88).  Microscopic  study  of  cleaved 
rocks  shows  that  their  fissility  is  not  due  merely  to  a  re-arrangement  of 
original  clastic  particles,  but,  perhaps  in  largest  measure,  to  the  develop¬ 
ment  of  new  minerals,  particularly  varieties  of  mica,  along  the  planes  of 
cleavage.  This  relation  is  well  seen  in  the  folded  and  cleaved  Devonian 
and  Carboniferous  rocks  of  S.AV.  Ireland  and  Cornwall,  in  the  Carboni¬ 
ferous  shales  of  Laval,  Mayenne,  and  in  the  Jurassic  ancl  Eocene  shales  of 
the  Alps.*^  dust  as  shales  graduate  into  true  cleaved  slates,  so  slates  by 
augmentation  of  their  superinduced  mica  pass  into  phyllites,  and  these 
into  mica-schists.  The  structure  of  districts  with  cleaved  rocks  is  described 
in  Book  IV.  Part  Y.  p.  684. 

(4)  Deformation. — In  the  upper  part  of  the  earth’s  crust,  where  the 
rocks  do  not  lie  under  a  greater  pressure  than  their  crushing  strength, 
they  may  give  way  to  the  pressure  by  fracturing  or  crushing.  Beyond 
that  limit  of  strength  they  probably  lie  in  a  more  or  less  plastic  condition, 
and,  like  cold  solid  metals  in  a  hydraulic  press,  may  be  made  to  flow. 
01)vious  proof  of  the  powerful  pressure  to  which  rocks  have  been 
exposed  is  furnished  by  the  way  in  which  contiguous  pebbles  in  a 
conglomerate  have  been  scpieezed  into  each  other,  and  even  some¬ 
times  have  been  elongated  in  a  certain  general  direction.  The  coarse¬ 
ness  of  the  grain  of  such  rocks  permits  the  effects  of  compression  or  • 
tension  to  l)e  readily  seen.  Similar  effects  may  take  place  in  fine¬ 
grained  rocks  and  escai)e  observation.  Daubrt^e  has  imitated  experiment¬ 
ally  indentations  produced  by  the  contiguous  portions  of  conglomerate 
pebbles.^  Huch  indentations,  particularly  \vhen  the  material  is  limestone 
or  other  tolerably  soluble  rock,  may  indeed  have  been  to  some  extent 
produced  ])y  solution  taking  place  most  actively  where  pressure  was 
greatest  (p.  4 1 1 ).  But  of  the  indubitable  evidences  of  crushing  and  deforma¬ 
tion,  even  in  what  would  be  termed  solid  and  brittle  rocks,  perhaps  the 
most  instructive  and  valuable  are  furnished  by  the  remains  of  fossil  plants 
and  ardmals  of  which  the  unaltered  shapes  are  well  known.  V  here 
fossiliferous  rocks  have  undergone  a  shear,  the  extent  of  this  movement, 
as  above  remarked,  can  be  measured  in  the  resultant  distortion  of  the 

*  Janiiettaz,  lienevier  and  Lory,  B.  S.  G.  F.  ix.  p.  649. 

-  Qomptes  nmdus,  xliv.  p,  823  ;  alsoliis  ‘  Geologie  Expkimentale,’  part  i.  sect.  ii.  chap, 
iii.,  where  a  series  of  ini]»ortaiit  experiments  on  deformation  is  given.  For  various  examples 
and  opinions,  see  Eotlipletz,  if.  JJ.  G.  O.  xxxi.  p.  355.  Heim,  ‘  Meclianismus  der  Gebirgs- 
bildung,’  1878,  vol.  ii.  p.  31.  Hitchcock,  ‘Geology  of  Vermont,’  i.  p.  28.  Froc.  Jhsf. 
Aac.  Nat  Ifht,  vii.  pp.  209,  353  ;  xviii.  p.  97,;  xv.  p.  1  ;  xx.  p.  313.  Assoc.  1866, 

p.  83.  Ajner.  Jour.  iS'o/.  (2),  xxxi.  p.  372.  Sorby,  Rep.  CariGjf  Not.  Soc.  1873,  p.  21. 
H.  H.  Reusch,  ‘  Fossilien-fiihrend.  kryst.  Scliiefer,’  p.  25.  .  On  pitted  pebbles  in  rocks, 
T.  Mellard  Reade,  Pror.  Liverpool  Ckog.  St>c.  sess.  1891-92  ;  Geol.  Mag.  1895,  p.  341  ; 
Gresley,  op.  cit,  p.  239. 
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fossils.  In  Figs.  85  and  87  drawings  are  given  of  two  Lower  Silurian 
fossils  in  their  natural  forms.  In  Fig.  86  a  specimen  of  the  same  species 
of  trilobite  as  in  Fig.  85  is  represented  where  it  has  been  distorted  during 


Fij;.  85.~A  Trilobite  (Calymene 
Uliimenhachii),  natural  shape. 


Fig.  SO.— The  same  Trilobite, 
altered  by  Deformation- 
Lower  Silurian,  Heiulre 
Wen,  near  Cerig  y  Druidion, 
North  Wales  (B.). 


Fig,  ST.— A  Brachipod  (StropJio. 
mtfMi  n'pcuisit),  natural  shape. 


the  shearing  of  the  enclosing  rock.  In  Fig.  88  four  examples  of  the  same 
shell  as  in  Fig..  87  are  shown  greatly  distorted  by  a  strain  which  has 
elongated  the  rock  in  the  direction  a  hO  Amorphous  crystalline  rocks 
(pegmatite,  granite,  diorite)  have  been  so  crushed  as  to  acquire  a  schistose 
structure  (pp.  246,  252,  255). 


big.  8S.~ St rophoinoia  expansa,  altered  by  the  deforming  iullueiice  of  Cleavage — Lower  Silurian, 
Cwm  Idwal,  Caernarvon. shire  (21). 


Another  illustration  of  the  effects  of  pressure  in  producing  deforma¬ 
tion  in  rocks,  is  supplied  by  the  so-called  ‘Mignilites,’'  “  epsomites,”  or 
“  stylolites.”  These  are  cylindrical  or  columnar  bodies  varying  in  length 
up  to  more  than  four  inches,  and  in  diameter  up  to  two  or  more  inches. 
The  sides  are  longitudinally  striated  or  grooved.  Each  column,  usually 

SeeD.  Sharpe,  Q.  J.  Q.  S.  iii.  (1846),  p.  75.  W.  Hopkins,  Cambridtje  Lhil.  Trans. 
viii.  (1847),  p.  466.  S.  Hanghtoii,  Phil.  Mwj.  (1856),  xii.  p.  409.  0.  Fisher,  Qtol.  Mag. 

1884,  p.  399.  Barker,  Brit.  Assoc.  1885,  Reports,  p.  824. 
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with  a  conical  or  rounded  cap  of  clay,  beneath  which  a  shell  or  other 
organism  may  frequently  be  detected,  is  placed  at  right  angles  to  the 
bedding  of  the  limestones  or  calcareous  shales  through  which  it  passes, 
and  consists  of  the  same  material.  This  structure  has  been  referred  by 
Professor  Marsh  to  the  difference  between  the  resistance  offered  by  the 
column  under  the  shell,  and  l)y  the  surrounding  matrix,  to  superincumbent 
pressure.  The  striated  surface  in  this  view  is  ‘a  case  of  slickensides.’^ 
The  same  observer  has  suggested  that  the  more  complex  structure  known 
as  “  cone- in-cone  ’’  may  be  due  to  the  action  of  pressure  upon  concretions 
in  the  course  of  formation.^ 

The  experiments  of  Tresca,  Spring, '  Hallock,  Adams  and  Nicolson  and 
others  -  on  the  flow  of  solids  have  thrown  considerable  light  upon  the 
internal  deformations  of  rock  masses.  Tresca  proved  that,  even  at 
ordinary  atmospheric  temperatures,  solid  resisting  bodies  like  lead,  cast- 
iron  and  ice  may  be  so  compressed  as  to  undergo  an  internal  motion  of 
their  parts,  closely  analogous  to  that  of  fluids.  Thus,  a  solid  jet  of  lead 
has  been  produced  by  placing  a  piece  of  the  metal  in  a  cavity  between 
the  jaws  of  a  powerful  compressing  machine.  Iron,  in  like  manner,  has 
I)een  forced  to  flow  in  the  solid  state  into  cavities  and  take  their  shape. 
On  cutting  sections  of  the  metals  so  compressed,  their  particles  or  crystals 
are  found  to  have  ranged  themselves  in  lines  of  flow  which  follow  the 
contour  of  the  space  into  which  they  have  been  squeezed.  Such  experi¬ 
ments  are  of  considerable  geological  interest.  They  illustrate  how  in 
certain  circumstances,  under  great  strain,  rocks  may  not  only  be  made  to 
undergo  internal  deformation  along  certain  shearing  planes,  as  in  cleavage, 
l>ut  may  even  be  subjected  to  such  stresses  as  to  acquire  a  ‘‘shear-structure  ” 
resembling  the  fluxion-structure  seen  in  rocks  which  have  been  truly 
liquid  (p.  153).  More  recent  experimental  researches  by  Professor  F.  D. 
Adams  and  T.  T.  Nicolson  have  shown  that  when  limestone  or  marble 
is  submitted  to  differential  pressures  exceeding  the  elastic  limit  of  the 
material,  the  rock  undergoes  permanent  deformation.  This  change  at 
ordinary  temperatures  is  due  partly  to  the  production  of  a  cataclastic  or 
cruslied  structure,  and  partly  to  twinning  and  a  gliding  movement  among 
the  individual  crystals  of  calcite,  both  of  which  effects  can  be  seen  among 
contorted  limestones  and  marbles  in  nature.  But  when  the  temperature  is 
300^  C.  or  ‘400*^  G.  no  cataclastic  structure  is  observable,  the  whole  internal 
movement  being  due  to  changes  in  the  shape  of  the  calcite  crystals  by 

^  Proc.  Aviei'.  Assoc.  Science.  1867.  Giimtel,  Z.  IJ.  (J.  O.  xxxiv.  p.  642.  W.  S. 
Gresley,  (JeoL  Mag.  1887,  p-  17  ;  Q.  J.  (J-.  S.  1.  (1894),  p.  731  ;  liv.  (1898),  p.  196.  J. 
Young,  Trans,  (hoi.  Soc.  Glusgov.  viii.  (1885),  p.  1  ;  Oeol.  Mag.  1892,  i").  138  ;  also  pp. 
240,  278,  334. 

Tresca,  Qomides  rend.  1864,  p.  754  ;  1867,  p.  809  ;  Mhn.  Sav.  Etrangers,  xvni. 
(1868),  p.  733  ;  xx.  pp.  75,  137,  281,  617  ;  Inst.  Mech.  Engineers,  June  1867  ;  June  1878. 
W.  Spring,  JML  Accul.  Belg.  xlix.  (1880),  p.  323  ;  ix.  (3),  1885,  p-  204.  W.  Hallock, 
Bull.  XI.  S.  G.  S.  No.  55  (1889),  p.  67.  F.  D.  Adams  and  J.  T.  Nicolson,  Geol.  Mag. 
1897,  p.  513;  Phil.  Trans,  cxcv.  (1901),  pp.  363-401.  W.  C.  Koberts-Austen,  Proc. 
Roy.  lnstitutio7i,  xi.  (1886),  p.  395.  See  also  E.  Reyer’s  ‘Geologische  uud  geograpliisclie 
Experimente,’  Heft  i. 
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twinning  and  gliding.  The  presence  of  water  was  not  seen  to  exert  any 
influence  in  the  resultd 

The  experimental  demonstration  of  the  capacity  of  rocks  to  undergo 
internal  molecular  changes  when  exposed  to  severe  differential  pressures 
has  much  interest  in  regard  to  the  origin  of  schistose  and  other  structures 
in  rocks  which  have  manifestly  suffered  enormous  compression.  During 
the  last  twenty  years  observations  have  multiplied  in  all  parts  of  the 
world  in  proof  of  the  wide  extent  and  great  importance  of  such  mechanical 
movements.  An  account  of  this  evidence  will  be  given  in  Book  lY. 
Parts  IV.  to  YlII. 

(5)  Plication. — On  the  assumption  of  a  more  rapid  contraction  of 
the  inner  hot  nucleus  of  the  globe,  and  the  consequent  descent  of  the 
cool  outer  shell,  a  subsiding  area  of  the  curved  surface  of  the  earth 
requires  to  occupy  less  horizontal  space,  and  must  therefore  suffer 
powerful  lateral  compression.  De  la  Beche  long  ago  pointed  out  that  if 
contorted  and  tilted  beds  were  levelled  out,  they  would  require  more 
room  than  can  now  be  obtained  for  them  without  encroaching  on  other 
areas.-  The  magnificent  example  of  the  Alps  brings  before  the  mind 
the  enormous  extent  to  which  the  crust  of  the  earth  has  in  some  places 
been  compressed.  According  to  the  measurements  and  estimates  of 
Professor  Heim  of  Zurich,  the  diameter  of  the  northern  zone  of  the 
central  Alps  is  only  about  one-half  of  the  original  horizontal  extent  of 
the  component  strata,  which  have  been  corrugated  and  thrown  back  upon 
each  other  in  huge  folds  reaching  from  base  to  summit  of  lofty  mountains, 
and  spreading  over  many  square  miles  of  surface.  He  computes  the 
horizontal  compression  of  the  w’-hole  chain  at  120,000  metres;  that  is  to 
say,  that  two  points  on  the  opposite  sides  of  the  chain  have,  by  the 
folding  of  the  crust  that  produced  the  Alps,  been  brought  120,000  metres, 
or  74  miles,  nearer  each  other  than  they  were  before  the  movement.^ 
Though  the  sight  of  such  colossal  foldings  of  solid  sheets  of  rock  impresses 
us  with  the  magnitude  of  the  compression  to  which  the  crust  of  the  earth 
has  been  subjected,  it  perhaps  does  not  convey  a  more  vivid  picture  of 
the  extent  of  this  compression  than  is  aftbrded  by  the  fact  that  even  in 
the  minuter  and  microscopic  structure  of  the  rocks  intricate  puckerings 
are  visible  (Fig.  36).  So  intense  has  been  the  pressure,  that  even  the 
tiny  flakes  of  mica  and  other  minerals  have  been  forced  to  arrange  them¬ 
selves  in  complex,  frilled,  crimi^ed,  and  goffered  foldings.  On  an  inferior 
scale,  local  compression  and  contortion  may  be  caused  by  the  protrusion 
of  eruptive  rocks.  The  characters  of  plicated  rocks  as  part  of  the  frame¬ 
work  of  the  terrestrial  crust  are  given  in  Book  lY.  Part  lY. 

As  may  be  supposed,  it  is  difficult  to  illustrate  experimentally  the 
processes  by  which  vast  masses  of  rock  have  been  plicated  and  crumpled. 
The  early  devices  of  Sir  James  Hall,  however,  may  be  cited,  from  their 
interest  as  the  first  attempts  to  demonstrate  the  origin  of  the  contortion 
of  rocks.  He  placed  layers  of  cloth  under  a  -weight,  and  by  compressing 

^  Phil.  T-mm.  cxcv.  A  (1901),  pp.  363-401. 

“  ‘  Report,  Devon  and  Cornwall  ’  (1839),  p.  187. 

‘  Meclianisraus  der  Gelnrgsbildung,’  ii.  (1878),  p.  213. 
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them  from  two  sides  produced  corrugations  closely  resembling  those  of 
the  Silurian  strata  of  the  Berwickshire  coast  (Fig.  89).  Professor  Favre 
of  bleneva  devised  an  experiment  which  more  closely  imitates  the  con- 
ilitions  in  nature.  Upon  a  tightly  stretched  band  of  india-rubber  he 
placed  various  layers  of  clay,  making  them  adhere  to  it  as  firmly  as 
possible.  By  then  allowing  the  band  to  contract  he  produced  in  the 
ovei’lying  strata  of  clay  a  series  of  contortions,  inversions  and  dislocations 
which  at  once  recalled  those  of  a  great  mountain  chain. ^  Mr.  H.  Schardt 
repeated  the  experiments,  but  with  interstratifications  of  hard  and  soft 
clay  and  clay  mixed  with  sand.-  The  subject  was  subsequently  illustrated 
experimentally  by  Mr.  H.  M.  Cadell,  who,  making  use  of  plaster-of-Paris, 
with  layers  of  sand,  loam  or  clay, 
obtained  results  curiously  like  those 
exhibited  by  the  crumpled  and  dislocated 
rocks  of  the  X.W.  Highlands  of  Scotland.*^ 

Dr.  Eeyer,  who  has  devised  a  series  of 
ingenious  apparatus  and  methods  for 
experimental  research  in  geology,  has 
<le voted  special  attention  to  deformation 
and  })lication  in  illustration  of  the 
formation  of  mountains.^  Mr.  Bailey 
Willis  has  published  an  interesting  series  of  experiments  on  the  same 
subject,  in  which  he  used  beeswax,  hardening  it  with  plaster-of-Paris 
nr  softening  it  with  turpentine  to  obtain  a  range  of  quality  from  a  brittle 
solid  to  a  semi-fiuid  substance.'' 

(G)  Jointing  and  Dislocation. — Almost  all  rocks  are  traversed  by 
vertical  or  highly  inclined  divisional  planes  termed  Joints  (Book  IV. 
Part  II.).  These  have  been  regarded  as  due  in  some  way  to  contraction 
during  consolidation  (fissures  of  retreat) ;  and  this  is  no  doubt  their 
origin  in  innumerable  cases.  But,-  on  the  other  hand,  their  frequent 
regularity  and  persistence  across  materials  of  very  varying  texture  suggest 
rather  the  effects  of  internal  pressure  and  movement  within  the  crust. 
In  an  ingenious  series  of  experiments,  Daubree  has  imitated*  joints  and 
fractiii'es  by  subjecting  different  substances  to  undulatory  movement  by 
torsion  and  by  simple  pressure,  and  he  infers  that  they  have  been 
produced  by  analogous  movements  in  the  terrestrial  erust.^’ 

But  in  many  cases  the  rupture  of  continuity  has  been  attended  with 
relative  displacement  of  the  sides,  producing  what  is  termed  a  fault. 
Daubr(‘e  also  shows  experimentally  how  faults  may  arise  from  the  same 

^  Xaturr,  xiv.  (1878),  p.  103. 

-  Bidl.  S<ic.  Vauil.  ^cL  Xaf.  xx.  (1884),  pp.  143-146. 

Ti'd/is.  Mill/.  Soc.  Ellin,  xxxvi.  (1888),  p.  337- 

See  his  ‘  C4eologisclie  tind  geograpliisclie  Experimente,’  already  cited,  especially 
parts  i.  and  iv. 

hith  Ana.  Rejh  U.  A  O.  A  (1894),  p.  241.  Compare  Mr.  Howe’s  experiments  to 
illustrate  the  intruHion  of  igneous  rocks,  op.  cit.,  21d  Report  (1901),  p.  291. 

**  ‘Gi'ol.  Experini. ’  part  i.  sect.  ii.  chap.  ii.  See  W.  King,  Roy.  Irish  Arad.  xxv.  (18/5), 
}).  605  ;  and  the  tlieories  of  jointing  given  yostea,  p.  661. 


Fig.  sit,— Hall's  Experiment  illustrating 
CDiitortion. 
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movements  as  have  caused  joints,  and  from  bending  of  the  rocks.  As 
the  solid  crust  settles  down,  the  subsidence,  where  unequal  in  rate,  may 
cause  a  rupture  l^etween  the  less  stablq  and  more  stable  areas.  When  a 
tract  of  ground  has  been  elevated,  the  rocks  underlying  it  get  more  room 
by  being  pushed  up,  and  are  placed  in  a  position  of  more  or  less 
instability.  As  they  cannot  occupy  the  additional  space  by  any  elastic 
expansion  of  their  mass,  they  accommodate  themselves  to  the  new  position 
by  a  series  of  dislocations.^  Those  segments  having  a  broad  base  rise 
more  than  those  with  narrow  bottoms,  or  the  latter  sink  relatively  to  the 
former.  Each  broad-bottomed  segment  is  thus  bounded  by  two  sides 
sloping  towards  the  upper  part  of  the  block.  The  plane  of  dislocation  is 
nearly  always  inclined  from  the  vertical,  and  the  side  to  which  the 
inclination  rises,  and  from  which  it  “hades,”  is  the  upthrow  side.  Eaults 
of  this  kind  are  termed  normal^  and  are  by  far  the  most  common  in  nature. 
In  mountainous  regions,  however,  instances  frequently  occur  where  one 
side  has  been  pushed  over  the  other,  so  that  lower  are  placed  above  higher 
beds.  Such  a  fault  is  said  to  be  reversed.  It  indicates  an  upward  thrust 
within  the  crust,  and  is  often  to  be  found  associated  with  lines  of  plica¬ 
tion.  Where  a  sharp  fold,  of  which  one  limb  is  pushed  forward  over  the 
other,  gives  way  along  a  line  of  rupture,  the  result  is  a  reversed  fault. 
The  details  of  these  features  of  geological  structure  are  reserved  for  Book 
IV.  Part  VI.  They  are  only  noticed  here,  as  their  consideration  forms 
one  of  the  branches  of  dynamical  geology. 

g  4.  The  Metamorphism  of  Kocks. 

Another  section  of  geological  dynamics  is  devoted  to  the  investi¬ 
gation  of  what  is  termed  the  “metamorphism”  of  rocks — that  is,  re¬ 
arrangement  of  their  constituent  materials,  and  most  frequently  the 
production  of  a  new  crystalline  structure.^  In  this  transformation  the 
following  conditions  have  been  mainly  operative  : — (1)  Temperature,  from 
the  lowest  at  which  any  change  is  possible  up  to  that  of  complete  fusion  ; 
(2)  pressure,  the  potency  of  the  action  of  heat  being,  within  certain  limits, 
increased  with  increase  of  pressure ;  (3)  mechanical  movements,  which 
so  often  have  induced  molecular  re-arrangements  in  rocks  ;  (4)  presence 
of  water,  usually  containing  various  mineral  solutions,  whereby  chemical 
changes  can  be  effected  which  would  not  be  possible  in  dry  heat ;  (5) 
nature  of  the  materials  operated  upon,  some  being  much  more  susceptible 
of  change  than  others. 

A  metamorphosed  rock  is  one  which  has  suffered  such  a  mineralogical 
re-arrangement  of  its  substance.  It  may  or  may  not  have  l)een  a 
crystalline  rock  originally.  Any  rock  capable  of  alteration  (and  all  rocks 
must  be  so  in  some  degree)  will,  when  subjected  to  the  required 
conditions,  be  metamorphosed.  The  resulting  structure,  however,  will, 
save  in  extreme  cases,  bear  witness  to  the  original  character  of  the  mass. 

^  See  J.  M.  Wilson,  Geol.  2[ag.  v.  p.  20'6  ;  0.  Fislier,  ojp.  cit.  1884. 

^  See  A.  Harker  on  the  Physics  of  Metainorphisiii,  GeoL  Mag.  vi.  (1889),  p.  15  ;  J.  W. 
Judd,  ibid.  p.  ‘243  ;  and  Book  IV.  Part  VIII.  of  this  Text-hook. 
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In  some  instances,  the  change  has  consisted  merely  in  the  re-arrangement 
or  crystallisation  of  one  mineral  originally  present,  as  in  limestone 
converted  into  marble ;  in  others,  there  has  been  a  process  of 
paramorphism,  as  where  augite  has  been  changed  into  hornldende  in  the 
alteration  of  dolerites  into  epidiorites ;  in  others,  the  constituents  have 
been  forced  by  mechanical  movements  to  range  themselves  in  parallel 
laminae,  as  where  a  diorite  or  pyroxenic  rock  becomes  a  hornblende-schist ; 
in  others,  partial  or  complete  transformation  of  the  original  constituents, 
whether  crystalline  or  clastic,  into  new  crystalline  minerals  has  been 
accompanied  by  a  complete  re-crystallisation  and  change  of  structure  in 
the  rock.  Quartzite  is  evidently  a  compacted  sandstone,  either  hardened 
l)y  mere  pressure,  or  most  frequently  by  the  deposit  of  silica  between  its 
granules,  or  a  slight  solution  of  these  granules  by  permeating  water,  so 
that  they  have  become  mutually  adherent.  A  clay-slate  is  a  hardened, 
cleaved,  and  partially  metamorphosed  form  of  muddy  sediment,  which  on 
the  one  hand  may  be  found  full  of  organic  remains,  like  any  common 
shale,  while  on  the  other,  by  the  appearance  and  gradual  increase  of 
some  form  of  mica  and  other  minerals,  it  may  be  traced  becoming  more 
and  more  crystalline,  until  it  passes  into  phyllite,  chiastolite-slate  or 
some  other  schistose  rock.  Yet  remains  of  fossils  may  be  obtained  even 
in  the  same  hand-specimens  with  crystals  of  andalusite,  garnet  or  other 
minerals.  The  calcareous  matter  of  corals  is  sometimes  replaced  by 
hornblende,  garnet  and  axinite,  without  deformation  of  the  fossils.^ 

Since  expeiiment  has  proved  that  in  presence  of  water  under  pressure, 
even  at  comparatively  low  temperatures,  mineral  substances  are  vigor¬ 
ously  attacked  (p.  411),  we  may  expect  to  find  that  as  these  conditions 
abundantly  exist  within  the  earth\s  crust,  the  rocks  exposed  to  them  have 
been  more  or  less  altered.  A  large  proportion  of  the  accessible  crust 
consists  of  sedimentary  materials  which  were  laid  down  on  the  ocean- 
bottom,  and  which  were  still  abundantly  soaked  with  sea-water  even 
after  they  had  been  covered  over  with  more  recent  formations.  The 
gradual  growth  and  consolidation  of  submarine  accumulations  would  deprive 
the  lower  strata  of  most  of  their  original  water,  but  some  proportion  of  it 
would  probably  remain.  If,  according  to  Dana,  the  average  amount  of 
interstitial  water  in  stratified  rocks,  at  the  earth’s  surface,  siicli  as  lime¬ 
stones,  sandstones  and  shales,  be  assumed  to  be  2*67  per  cent,  which  is 
proba})ly  less  than  the  truth,  the  amount  will  correspond  to  two  quarts 
of  water  for  every  cubic  foot  of  rock.”^  There  is  certainly  a  considerable 
store  of  water  ready  for  chemical  action  when  the  required  conditions  of 
heat  and  pressure  are  obtained.  We  must  also  remember  that  the  water 
in  which  the  sedimentary  formations  of  the  crust  were  formed,  being 
mostly  that  of  the  ocean,  already  possessed  chlorides,  sulphates  and 
other  salts  with  which  to  begin  its  reactions.  The  inference  may 
therefore  be  drawn,  that  rocks  possessing  not  more  than  3  per  cent  of 
interstitial  water  cannot  be  depressed  to  depths  of  several  thousand  feet 

^  c^es  Mines,  5me  s^r.  xii.  p.  318.  H.  H.  Reuscli,  ‘■Die  Fo.ssilien-filhreiiden 

krystallinischen  Schiefer  von  Bergen  ’  (translated  by  R.  Baldanf),  Leipzig,  1883. 

2  ‘Manual,’  3rd  e<l.  (1880),  p.  758. 
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beneath  the  level  of  the  earth’s  surface,  and  undergo  great  pressure  and 
crushing,  without  suffering  more  or  less  marked  internal  change  or 
inetamorphism. 

For  the  sake  of  illustrating  this  department  of  dynamical  geology  in 
the  present  section  of  this  volume,  some  typical  examples  of  the  nature  of 
the  changes  involved  will  here  be  given.  But  the  full  discussion  of  the 
subject  is  reserved  for  Book  IV.  Part  VIIL,  where  the  phenomena  of 
‘‘  contact  ”  and  “  regional  ”  metamorphism  as  displayed  among  the  rocks 
of  the  earth’s  crust  will  be  described. 

Froduction  ofmarhle  from  limestone. — One  of  tlie  most  obvious  cases  of  alteration — 
the  artiiicial  conversion  of  limestone  into  ciystalline  saccliaroid  niarble-r-has  been 
already  referred  to  (pp.  250,  402).'’  The  calcite  having  undergone  complete  transforma¬ 
tion,  its  original  structure,  whether  organic  or  not,  has  been  etfaced,  and  a  new  structure 
has  been  developed,  consisting  of  an  aggregate  of  minute  rounded  grains,  each  with  an 
independent  crystalline  arrangement  (Fig.  27).  The  production  of  a  crystalline  structure 
in  amorphous  calcite  may  be  effected  by  the  action  of  mere  meteoric  water  at  or  near  the 
surface  (pp.  160,  178,  475).  But  the  generation  of  the  peculiar  granular  structure  of 
marble  always  demands  heat  and  pressure,  and  probably  usually  the  presence  of  water, 
though  the  details  of  the  process,  on  the  great  scale,  are  still  involved  in  obscurity. 
We  know  that-where  a  dyke  of  basalt  or  other  intrusive  rock  has  involved  limestone,  it 
has  sometimes  been  able  to  convert  it  for  a  short  distance  into  marble.  The  heat  (and 
perhaps  the  moisture)  of  the  invading  lava  have  sufficed  to  produce  agranular  structure, 
which  even  under  the  microscope  is  identical  with  that  of  marble.  The  conversion  of 
wide  areas  of  limestone  into  marble  is  a  regional  form  of  metamorphisrn,  associated 
usually  with  the  alteration  of  other  sedimentary  masses  into  schists,  &c. 

Lulomitisation. — Another  alteration  which,  from  the  labours  of  Von  Buch,  received 
in  the  early  decades  of  last  century  much  attention  from  geologists,  is  the  conversion  of 
ordinary  limestone  into  dolomite.  Some  dolomite  appears  to  be  an  original  chemical 
precipitate  from  the  saline  water  of  inland  lakes  and  seas  (p.  529).  But  calcareous 
'  formations  due  to  organic  secretions  are  often  weakly  dolomitic  at  the  time  of  tluur 
formation,  and  may  have  their  proportion  of  magnesium  carbonate  increased  by  the 
action  of  permeating  water,  as  is  proved  by  the  conversion  into  dolomite  of  shells  and 
other  organisms,  consisting  originally  of  calcite  or  aragonite,  and  forming  portions  of 
what  was  no  doubt  originally  a  limestone,  though  now  a  continuous  mass  of  dolomite. 
This  change  may  have  sometimes  consisted  in  the  mere  ab.straction  of  carbonate  of  lime 
from  a  limestone  already  containing  carbonate  of  magnesia,  so  as  to  leave  the  rock  in 
the  form  of  dolomite  ;  or  probably  more  usually  in  the  action  of  the  magnesium  salts  of 
sea-water,  especially  the  chloride,  upon  organically  formed  limestone  ;  or  sometimes 
locally  in  the  action  of  a  solution  of  carbonate  of  magnesia  in  carbonated  water  upon 
lime.stone,  either  magnesian  or  non-inagnesian.  ftlie  de  Beaumont  calculated  that  on 
the  assumption  that  one  out  of  every  two  eq^iiivalents  of  carbonate  of  lime  was  replaced 
by  carbonate  of  magnesia,  the  conversion  of  limestone  into  dolomite  would  be  attended 
with  a  reduction  of  the  volume  of  the  mass  to  the  extent  of  12  T  per  cent.  It  is 
certainly  remarkable  in  this  connection  that  large  masses  of  dolomite,  which  may  be 
conceived  to  have  once  been  limestone,  have  the  cavernous,  fissured  structure  which,  on 
this  theory  of  tlieir  origin,  might  have  been  looked  for. 

Dolomite  has  been  produced  both  on  a  small  and  on  a  great  scale.  In  the  north  of 
England  and  elsewhere,  the  Carboniferous  limestone  has  been  altere<l  for  a  few  feet  or 
yards  on  either  side  of  its  joints  into  a  dull  yellow  dolomite,  locally  termed  dunstone.” 
Similar  vertical  zones  of  dolomite  occur  also  in  the  Carboniferous  limestone  of  Ireland. 
Harkness  pointed  out  that  the  dolomite  appears  in  vertical  ribs  where  the  rocks  are 


^  See  also  “  Marmarosis  ”  in  Book  IV.  Part  VIII. 
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nil'll-:!!  jointed,  and  in  beds  wliere  they  have  few  or  no  jointsd  No  doubt  percolating 
water  lias  been  the  agent  of  change  in  the  vertical  zones.  The  beds,  however, 
wliicli  in  Ireland  and  elsewhere  constitute  important  masses  in  the  Carboniferous 
limestone,  were  more  probably  tormed  contemporaneously  with  the  rocks  among  which 
they  He.  They  may  have  been  deposited  as  limestone  in  shallow  lagoons  where  the 
magnesian  salts  of  concentrated  sea-water  would  act  upon  them.  Dolomite  sometimes 
forms  great  ranges  of  mountains,  as  in  the  Eastern  Alps,  where  it  has  by  some  waiters 
been  regarded  as  altered  ordinary  limestone.  But  these  masses  may  have  partly,  at 
least,  become  dolomite  at  the  beginning  by  the  action  of  the  magnesian  salts  of  the 
concentrated  waters  of  inland  seas  upon  organic  or  inorganic  calcareous  deposits 
accumulated  previous  to  the  concentration,  their  metamorphism  having  consisted 
mainly  in  the  subsequent  generation  of  a  crystalline  structure  analogous  to  that  of  the 
conversion  of  limestone  into  marble.- 

Ooncct'sion  of  -mjctuhlc  suhstaacc  into  coal. — Exposed  to  the  atmosphere,  dead  vegeta¬ 
tion  is  deconqiosed  into  humus,  which  goes  to  increase  the  soil.  But  sheltered  from  the 
atmosphere,  exposed  to  the  action  of  water,  especially  with  an  increase  of  temperature, 
ami  under  some  pressure,  it  is  converted  into  lignite  and  coal.  An  example  of  this 
alt (3 ration  has  been  observed  in  the  Dorothea  mine,  Clausthal.  Some  of  the  timber  in 
a  long-disused  level,  hlled  with  slate  rubbish,  and  saturated  with  the  mine-W’ater  from 
d(H‘oin])osiiig  pyrites,  was  found  to  have  a  leathery  consistence  when  wet,  hut,  on  exposure 
to  the  air,  it  hardened  to  a  hrin  and  ordinary  brown  coal,  with  the  typical  brown  colour 
and  external  fibrous  structure,  and  having  tlie  internal  fracture  of  a  black,  glossy  pitcli- 
coji,!.''  This  change  must  have  been  produced  within  less  than  four  centuries — the  time 
Kiii<*e  tlie  levels  wa3re  opened.  According  to  Bischof’s  determinations  the  conversion  of 
wood  into  coal  may  take  place,  1st,  by  the  separation  of  carbonic  acid  and  carburetted 
liy<lrogeii  ;  12nd,  by  the  separation  of  carbonic  acid,  and  the  formation  of  water  either 
from  oxidation  of  hydrogen  ly  meteoric  oxygen,  or  from  the  hydrogen  and  oxygen  of 
the  wood  ;  3rd,  by  the  sei)aration  of  carbonic  acid,  carburetted  hydrogen,  and  water."* 
Th«3  ('ircumstances  under  wdiich  the  vegetable  matter  now  forming  coal  has  been  accumu- 
lat(3d  were  favourable  for  this  slow  transmutation.  The  carbon-dioxide  (choke-damp)  of 
old  coal-mines,  and  the  carburetted  hydrogen  (tire-damp,  CH4)  given  off  in  such  large 
quantities  by  coal-seams,  are  ju’oducts  of  the  alteration  which  would  appear  to  he 
m.'celerated  by  terrestrial  movements,  such  as  those  that  Compress  and  plicate  rocks. 
During  the  ]>rocess  these  gases  escape,  and  the  proportion  of  carbon  progressively 
increases  in  the  residue,  till  it  reaches  the  most  highly  mineralised  anthracite  (p.  184), 
or  may  even  pass  into  nearly  pure  carbon  or  graphite.  In  the  coal-basins  of  Mons  and 
Valenciennes,  the  same  seams  which  are  in  the  state  of  bituminous  coal  {gras)  at  the 
surface,  gradually  lose  their  volatile  constituents  as  they  are  traced  dowuiward  till  they 
pa.ss  into  anthracite.  In  the  Pennsylvanian  coal-field  the  coals  become  more  anthracitic 
as  they  are  follow^ed  into  the  eastern  region,  where  the  rocks  have  undergone  great 
plication,  and  wdiere,  possibly  <luriiig  the  siibteiTanean  movements,  tliey  -were  exposed 
to  an  elevation  of  temperature.*^  Daubree  has  produced  from  wood,  exposed  to  the 

^  q.  J.  G.  S.  XV.  p.  100. 

-  On  doloinitisation,  see  L.  von  Bncli,  in  Leonhard’s  Mlncralog.  Taschenhnch,  1824  ; 
Namnann’s  ‘Geognosie, ’  i.  p.  763  ;  Bischofs  ‘  Chenneal  Geology,’  hi.;  Ellie  de  Beaumont, 
Btdl,  Sor.  Geol  France,  viii.  (1836),  p.  174  ;  Sorby,  Brit.  Assoc.  Rep.  1856,  part  ii.  p.  77, 
and  Address,  Q.  J.  OcoL  iSoc.  1879.  A  full  statement  of  the  literature  of  this  subject  will 
be  found  in  a  suggestive  memoir  by  C.  Doelter  and  R.  Hoernes,  Jahrb.  Geol.  Relclisansfalt, 
xxv.  The  dolomite  mountains  of  the  Eastern  Alps  have  been  well  described  by  Mojsisovics. 
See  account  of  Triassic  system,  postea,  Book  VI. 

•'  Hirschwald,  Z.  Deatsch.  Geol.  Ges.  xxv.  p.  364. 

**  Bischof,  ‘Chem.  Geol.’  i.  p.  274. 

Daubree,  ;G<'ol..  Expdrini.’  p.  463.  Part  of  the  framework  below  a  steam-hammer  has 
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action  of  superheated  water,  droplike  globules  of  anthracite  which  had  evidently  been 
melted  in  the  transformation,  and  which  presented  a  close  resemblance  to  the  anthracite 
of  some  mineral  veins. ^ 

Production  of  new  minerals. — Keference  has  above  (p.  413)  been  made  to  the 
artificial  formation  of  minerals  in  highly  heated  aqueous  solutions.  Such  changes  have 
been  effected  among  the  rocks  within  the  crust,  where  doubtless  water  and  heat  have 
likewise  been  the  chief  agents  in  the  process.  Where  metamorphism  is  well  developed 
the  chemical  reactions  which  have  been  set  up  have  given  rise  to  more  or  less  complete 
recombination  of  the  chemical  constituents  of  a  rock.  ISfew  minerals  have  thus  been 
formed  either  entirely  out  of  the  materials  already  comprising  the  rock,  or  with  some 
addition  or  replacement  of  substance  introduced  from  without,  by  aqueous  solution  or 
otherwise.  Carbonate  of  lime  and  silica  are  the  two  compounds  that  have  been  most 
abundantly  brought  by  infiltration  into  rocks.  Some  of  the  commonest  secondary 
minerals  are  micas  ;  andalusite,  chiastolite  and  garnet  are  also  of  frequent  occurrence. 
(See  Book  IV.  Part  VIII.) 

Production  of  the  schistose  structure. — All  rocks  are  not  equally  permeable  by  water, 
nor  is  the  same  rock  equally  permeable  in  all  directions.  Among  the  stratified  rocks 
especially,  which  form  so  large  a  proportion  of  the  visible  terrestrial  crust,  there  are 
great  differences  in  the  facility  with  which  water  can  travel,  the  planes  of  sedimenta¬ 
tion,  or  those  of  cleavage  or  shearing  where  these  have  been  developed,  being  naturally 
those  along  wdiich  water  passes  most  easily.  It  is  along  these  planes  that  difierences 
of  mineral  structure  and  composition  are  ranged.  Alternate  layers  of  siliceous, 
argillaceous,  and  calcareous  material  vary  in  porosity  and  capability  of  being  changed 
by  permeating  water.  We  may,  therefore,  expect  that  unless  the  original  stratified 
structure  has  been  effaced  or  rendered  inoperative  by  any  other  superinduced  structure, 
it  will  guide  the  metamorphic  action  of  underground  w'ater,  and  will  remain  more  or 
less  distinctly  traceable  even  after  very  considerable  mineralogical  transformations  have 
taken  place.  Even  without  this  guiding  influence,  superheated  water  can,  to  a  certain 
extent,  produce  a  schistose  structure,  parallel  to  its  bounding  surfaces,  as  Daubree’s 
experiments  upon  glass,  above  cited,  have  proved. 

The  stratified  formations  consist  largely  of  silica,  silicates  of  alumina,  lime, 
magnesia,  soda  and  potash,  and  iron-oxides.  These  mineral  substances  exist  there  as 
original  ingredients,  partly  in  recognisable  worn  crystals,  partly  in  a  granular  or 
amorphous  condition,  ready  to  be  acted  on  by  permeating  water  under  the  requisite 
conditions  of  temperature  and  pressure.  We  can  understand  that  any  re-combination 
and  re-crystallisation  of  the  silicates  will  probably  follow  the  laininm  of  deposit  or  of 
cleavage,  and  that  in  this  way  a  ciystalline  foliated  structure  may  be  developed. 
Round  masses  of  granite  erupted  among  Paheozoic  rocks,  instructive  sections  may  be 
observed  where  a  transition  can  be  traced  from  ordinary  unaltered  sedimentary 
strata,  such  as  sandstones,  greywackes  and  shales  containing  fossils,  into  foliated 
crystalline  rocks,  to  which  the  names  of  mica-schist  and  even  gneiss  may  be  applied. 
(Book  IV.  Part  VIII.)  Not  only  can  the  gi’adual  change  into  a  crystalline  foliated 
structure  be  readily  followed  with  the  naked  eye,  but  with  the  aid  of  the  microscope  tlie 
finer  details  of  the  alteration  can  be  traced.  Minute  plates  of  some  micaceous  mineral 
and  small  concretions  of  andalusite,  garnet,  quartz,  &c. ,  may  be  observed  to  have 
crystallised  out  of  the  surrounding  amorphous  sediment.  These,  especially  the  mica, 
can  be  seen  gradually  to  increase  in  size  and  number  towards  the  granite,  until  the  rock 
assumes  a  thoroughly  foliated  structure  and  passes  into  a  true  schist.  Yet  even  in  such 
a  schist,  traces  of  the  original  and  durable  water- worn  quartz-granules  may  be  detected.- 
As  already  stated  (pp.  244,  246),  foliation  is  a  crystalline  segregation  of  the  mineral 
matter  of  a  rock  in  certain  dominant  planes  which  may  be  those  of  original  stratification, 

been  found  after  twenty  years  to  be  converted  into  lignite.  F.  Seeland,  Verh.  Ueol.  Peichs. 
1883,  p.  192.  ^  Op.  cU.  p.  177.  -  Sorby,  Q.  J.  O.  S.  xxxvi.  p.  82. 
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of  joints,  of  cleavage,  of  sheaving  or  of  fracture.'^  Mr.  Sorby  has  recognised  foliation  in 
tliree  sets  of  planes  even  among  the  same  rocks. ^ 

Scrope  many  years  ago  called  attention  to  the  analogy  between  the  foliation  of  schists 
and  the  ribbaiulecl  or  streaked  structure  of  trachyte,  obsidian,  and  other  lavas.^  This 
analogy  has  even  been  regarded  as  an  identity  of  structure,  and  the  idea  has  found 
supporters  that  the  schistose  rocks  have  been  in  a  condition  similar  to  or  identical  with 
that  of  many  volcanic  masses,  and  have  acquired  their  peculiar  hssility  b}’’  differential 
movements  within  the  viscous  or  pasty  magma,  the  solidified  minerals  being  drawn  out 
into  layers  in  the  direction  of  shearing.  Daubree,  availing  himself  of  the  researches  of 
Tresca  on  the  flow  of  solids  (p.  421),  has  endeavoured  to  imitate  artificially  some  of  the 
phenomena  of  foliation  by  exposing  clay  and  other  substances  to  great  but  unequal 
pressure.'^  That  some  of  the  lenticular  wavy  laminae  of  different  minerals  in  gneiss  and 
other  foliated  rocks  may  be  due  to  original  segregation  or  flow  in  still  unconsolidated 
igneous  rock  seems  to  be  rendered  highly  probable  by  the  curious  analogies  to  this 
structure  to  be  observed  in  the  deeper  parts  of  large  intrusive  bosses  of  rock,  such  as 
granite,  diaba.se  and  gabbro  (p.  256).  These  layers  may  thus  be  tlie  remains  of  the 
oldest  structure  now  retained  by  the  gneiss.  But  subsequent  pressure  and  deformation 
have  fre(piently  produced  a  foliation  cutting  obliquely  across  this  original  lamination 
and  even  entirely  effacing  it.  (See  Book  lY.  Part  YIII.  Sect,  ii.,  and  the  section  on 
pre-Cambrian  rocks  in  Book  YI.) 

That  the  scliistose  structure  has  been  largely  induced  by  mechanical  movements  can¬ 
not  be  doubted.  The  evidence  in  the  field  and  under  the  microscope  has  now  rendered 
it  certain  that  many  rocks  have  been  subjected  to  enormous  mechanical  stresses  within 
the  earth’s  crust ;  that  they  have  yielded  to  the  pressure  both  by  disruption  and  by 
molecular  .shearing,  that  in  some  cases  they  have  been  crushed  into  minute  frag¬ 
ments  or  dust,  and  have  then  been  made  to  flow  and  to  simulate  the  flow-structure 
of  lava,  while,  in  other  cases,  the  crushed  particles  have  crystallised  into  a  granulitic 
struc.ture,  or  the  re-crystallisation  has  taken  place  along  the  flow"-X)lanes  and  has  given 
rise  to  a  perfect  Ibliation.  The  action  that  produced  cleavage,  if  further  developed, 
might  be  accompanied  with  suflicient  augmentation  of  temperature  to  x)ermit  of  extensive 
mincralogical  transformation  along  the  cleavage-planes.  But  probably  a  rise  of  tempera¬ 
ture  was  not  essential.  The  conversion  of  pyroxene  into  hornblende,  wiiich  lias  been 
obscrviMl  in  regions  of  crystalline  schists,  points  indeed  to  a  lower  temjierature  than  that 
required  for  the  crystallisation  of  the  original  mineral.*’’  A  schistose  structure  of  almost 
any  degree  of  coarseness  might  conceivably  be  produced.  A  mixed  rock,  such  as  gi*anife, 
has  been  converted  into  a  foliated  gneiss.  Diorite,  diabase,  or  gabbro  has  likewise  by 
meclianical  movement,  with  accompanying  chemical  and  crystallographic  transformation, 
been  made  to  assume  a  scliistose  structure  and  pass  into  amphibolite-schist. 

The  study  of  metamorphism  and  metamorphic  rocks  leads  us  from 
unaltered  mechanical  sediments  at  the  one  end,  into  thoroughly  crystal¬ 
line  masses  at  the  other.  We  are  presented  with  a  cycle  of  change 
wherein  the  same  particles  of  mineral  matter  pass  from  crystalline  rocks 
into  sedimentary  deposits,  then  by  increasing  stages  of  alteration  back 
into  crystalline  masses,  whence,  after  being  reduced  to  detritus  and  re¬ 
deposited  in  sedimentary  formations,  they  may  be  once  more  launched  on 
a  similar  series  of  transformations.  The  phenomena  of  metamorphism 
appear  to  be  linked  together  with  those  of  igneous  action  as  connected 
manifestations  of  hypogene  change. 

1  Darwin,  ‘Geological  Observations,’  p.  162..  Ramsay,  “Geology  of  North  Wales,”  in 
Me/tmira  of  Ueol.  Survey,  iii.  p.  182.  Op.  cit.  p.  84. 

‘  Yolcanoes,’  pp.  140,  300.  ^  ‘G^ologie  Experimentale,’  p.  410. 

^  See  G.  H.  Williams,  Amer.  Journ.  Sci.  xxviii.  (1884),  p.  259. 
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It  is  evident  that  while  many  of  the  dynamical  processes  of  change 
among  the  rocks  beneath  the  earth’s  surface  can  be  successfully  imitated 
artificially,  and  while  such  imitations  are  of  the  greatest  A'alue  in  affording 
a  clearer  perception  of  the  nature  and  working  of  these  processes,  there 
remain  difficulties  which  can  probably  never  be  overcome  and  which 
prevent  some  of  the  hypogene  changes  from  ever  Ijeing  adequately 
illustrated  by  experiment.  There  are  especially  two  respects  in  which 
human  effort  must  obviously  fail.  ^Ve  can  never  obtain  pressures  at  all 
equal  to  those  under  which  the  rocks  undergo  mechanical  and  chemical 
changes  in  the  deeper  parts  of  the  terrestrial  crust.  And  even  more  out 
of  our  reach  is  the  time  that  may  be  necessary  for  the  accomplishment 
of  these  changes.  AVith  the  highest  temperatures  and  the  most  severe 
pressures  we  can  command,  our  experiments  must  be  performed  in  the 
merest  infinitesimal  fraction  of  the  time  taken  by  nature  in  the  ojierations 
we  try  to  imitate.  A  few^  hours  or  days  or  even  months  may  be  all  the 
interval  available  to  us.  But  the  natural  processes  have  extended  over 
vast  ages,  and  where  they  may  seem  to  us  feeble  in  their  action,  they  have 
yet  been  able,  by  their  uninterrupted  continuity,  to  j^roduce  some  of  the 
most  gigantic  revolutions  in  the  structure  of  the  crust  and  the  topography 
of  the  surface. 


Part  II.  Epiuene  on  Surfact:  Action  : 

A 71  Inriuiry  into  the  (kologiad  CJunujes  in- p'ogress  upon  the  Ma tills  Aveface. 

On  the  surface  of  the  globe  and  by  the  operation  of  agents  working 
there,  the  chief  amount  of  visible  geological  change  is  now  effected. 
This  Ijranch  of  inquiry  is  not  involved  in  the  preliminary  difficulty, 
regarding  the  very  nature  of  the  agents,  which  attends  the  investigation 
of  hypogene  action.  On  the  contrary,  the  surface  agents  are  carrying 
on  their  work  under  our  eyes.  We  can  watch  it  in  all  its  stages,  measure 
i^  progress,  and  mark  in  many  ways  how  well  it  represents  similar 
changes  which  for  long  ages  previously  must  have  Ijeen  effected  by 
similar  means.  But  in  the  systematic  treatment  of  this  subject,  a 
difficulty  of  another  kind  presents  itself.  A\ffiile  the  operations  to  ])e 
discussed  are  numerous  and  often  complex,  they  are  so  interwoven  into 
one  great  network  that  any  separation  of  them  under  different  sul)~ 
divisions  is  sure  to  be  more  or  less  artificial,  and  is  apt  to  convey  an 
erroneous  impression.  While,  therefore,  under  the  imavoidal>le  necessity 
of  making  use  of  such  a  classification  of  subjects,  we  must  bear  always 
in  mind  that  it  is  employed  merely  for  convenience,  and  that,  in  nature, 
superficial  geological  action  must  be  viewed  as  a  whole,  since  the  work 
of  each  agent  has  close  relations  with  that  of  the  others  and  is  not 
properly  intelligible  unless  this  connection  be  kept  in  view. 

The  movements  of  the  air ;  the  evaporation  from  land  and  sea ;  the 
fall  of  rain,  hail  and  snow ;  the  flow  of  rivers  and  glaciers ;  the  tides, 
currents  and  waves  of  the  ocean the  growth  and  decay  of  plants  aiul 
animals,  alike  on  land  and  in  the  depths  of  the  sea — in  short,  the 
whole  circle  of  movement,  which  is  continually  in  progress  upon  the 
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snrfiice  of  our  planet — are  the  subjects  now  to  be  examined.  It  is 
desirable  to  adopt  some  general  term  to  embrace  the  whole  of  this  range 
of  inquiry.  For  this  end  the  word  epigene  may  be  used  as  a  con¬ 
venient  term,  antithetical  to  hypogeiie,  or  subterranean  action. 

The  simplest  arrangement  of  this  part  of  Geological  Dynamics  will 
1  )e  into  three  sections  : — 

I.  Air. — The  influence  of  the  atmosphere  in  destroying  and  forming 
rocks. 

II.  "Water. — The  geological  functions  of  the  circulation  of  water 
through  the  air  and  between  sea  and  land,  and  the  action  of  the  sea. 

III.  Life. — The  part  taken  by  plants  and  animals  in  preserving, 
destroying,  or  originating  geological  formations. 

The  words  destructive,  reproductive  and  conservative,  employed  in 
descri])ing  the  operations  of  the  epigene  agents,  do  not  necessarily  imply  . 
that  anything  useful  to  man  is  destroyed,  reproduced  or  preserved.  On 
the  contrary,  the  destructive  action  of  the  atmosphere  may  cover  bare 
rock  with  rich  soil,  while  its  reproductive  effects  may  bury  fertile  soil 
under  sterile  desert.  Again,  the  conservative  influence  of  vegetation  has 
sometimes  for  centuries  retained  as  barren  morass  what  might  otherwise 
have  become  rich  meadow  or  luxuriant  Avoodland.  The  terms,  therefore, 
are  used  in  a  strictly  geological  sense,  to  denote  the  removal  and  re- 
<leposition  of  material,  and  its  agency  in  preserving  what  lies  beneath  it. 

Section  i.  Air. 

The  geological  action  of  the  atmosphere  arises  partly  from  its  chemical 
com})osition  and  partly  from  its  movements.  The  composition  of  the 
atmospheric  envelope  has  been  already  discussed  (p.  36),  and  further 
information  on  this  sulqect  will  be  found  under  the  head  of  Eain  (p.  448). 
Tiie  movements  of  the  atmosphere  are  due  to  variations  in  the  distribution 
of  pressure  or  density,  the  law  being  that  air  always  moves  vorticosely  from 
where  the  pressure  is  high  to  whei'e  it  is  low.  Atmospheric  pressure  is 
understood  to  be  determined  by  two  causes,  temperature  and  aqueous 
vapour.  Since  warm  air,  being  less  dense  than  cold  air,  ascends,  wdiile 
the  latter  flows  in  to  take  its  place,  the  unequal  heating  of  the  earth’s 
surface,  l)y  causing  upward  currents  from  the  warmed  portions,  produces 
horizontal  currents  from  the  surrounding  cooler  regions  inwards  to  the 
central  ascending  mass  of  heated  air.  The  familiar  land  and  sea  breezes 
offer  a  good  example  of  this  action.  Again,  the  density  of  the  air  lessens 
with  increase  of  water-vapour.  Hence  moist  air  tends  to  rise  as  warmed 
air  does,  with  a  corresponding  inflow  of  the  drier  and  consequently 
heavier  air  from  the  surrounding  tracts,  Ascending  moist  air  diminishes 
atmospheric  pressure,  as  indicated  by  the  fall  of  the  iDarometer,  and 
as  it  rises  into  higher  regions  of  the  atmosphere  it  expands,  cools, 
and  condenses  into  visible  cloud  and  into  showers  that  descend  again  to 
the  earth. 

Unequal  and  rapid  heating  of  the  air,  or  accumulation  of  aqueous 
vapour  in  the  air,  and  possibly  some  other  infliiences  not  yet  properly 
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understood,  give  rise  to  extreme  disturbances  of  pressure,  and  conse¬ 
quently  to  storms  and  hurricanes.  For  instance,  the  barometer  some¬ 
times  indicates  in  tropical  storms  a  fall  of  an  inch  and  a  half  in  an  hour, 
showing  that  somewhere  about  a  twentieth  part  of  the  whole  mass  of 
atmosphere  has,  in  that  short  space  of  time,  been  displaced  over  a  certain 
area  of  the  earth’s  surface.  No  such  sudden  change  can  occur  without 
the  most  destructive  tempest  or  tornado.  In  Britain  the  tenth  of  an 
inch  of  barometric  fall  in  an  hour  is  regarded  as  a  large  amount,  such  as 
only  accompanies  great  storms.^  The  rate  of  movement  of  the  air 
depends  on  the  difference  of  barometric  pressure  between  the  regions 


from  and  to  which  the  wind  blows. 

Since  much  of 

the  potency  of  the 

air  as  a  geological  agent  depends  on 

its  rate  of  motion,  it  is  of  interest 

to  note  the  ascertained  velocity  and  pressure  of  wind 

as  expressed  in  the 

subjoined  table  :  - — 

Velocity  in  Miles  Pressure  in  Pounds 

per  hour. 

per  square  foot. 

Calm . 

,  0 

0 

Light  breeze 

.  14 

1 

Strong  breeze 

.  42 

9 

Strong  gale 

.  70 

25 

Hurricane^ 

.  84 

36 

While  the  paramount  importance  of  the  atmosphere  as  the  vehicle 
for  the  circulation  of  moisture  over  the  globe,  and  consequently  as  power¬ 
fully  influencing  the  distribution  of  climate  and  the  growth  of  plants  and 
animals,  must  be  fully  recognised  by  the  geologist,  he  is  specially  called 
upon  to  consider  the  influence  of  the  air  in  directly  producing  geological 
changes  upon  the  surface  of  the  land,  and  in  augmenting  the  geological 
work  done  by  water. 

§  1.  Geological  work  of  the  Atmosphere  on  Land. 

Viewed  in  a  broad  way,  the  air  is  engaged  in  the  twofold  task  of 
promoting  the  disintegration  of  superficial  rocks  and  in  removing  and 
re-distributing  the  finer  detritus.  These  two  operations,  however,  are  so 
intimately  bound  up  with  each  other  that  they  cannot  be  adequately 
understood  unless  considered  in  their  mutual  relations. 

1.  Destructive  Action. — Still  dry  air,  not  subject  to  much  range  of 
temperature,  has  probably  little  or  no  effect  on  minerals  and  rocks.  The 
chemical  action  of  the  atmosphere  takes  place  almost  entirely  through 
dissolved  moisture.  This  subject  is  discussed  in  the  section  devoted  to 
Eain.  But  sunlight  produces  remarkable  changes  on  a  few  minerals. 
Some  lose  their  colours  (celestine,  rose- quartz),  others  change  it,  as 
cerargyrite  does  from  colourless  to  black,  and  realgar  from  red  to  orange- 
yellow.  Some  of  these  alterations  may  be  explained  by  chemical  modifi¬ 
cations  induced  by  such  causes  as  the  loss  of  organic  matter  and  oxidation. 

Effects  of  Lightning. — Hibbert  has  given  an  account  of  the 

^  Buchan’s  ‘  Meteorology,’  p.  266. 

For  another  statement  see  Czerny,  Peteriiiann's  Mitt.  1876,  Erganzungsheft. 

^  The  velocity  of  the  wind  in  gusts  is  sometimes  as  much  as  150  miles  an  hour. 
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I^y  <»f  ih  iii;iss  uf  rock  103  long,  10  fcuO. 

Itri«i»l.  :iji4  ill  fikirtni  iiioro  flirin  I  tV<‘l  high,  u\  Fc^tlar,  otm  of  th(5 

Hliillfiifl  alioiif  till*  iiii*!«lii‘  of  tilt;  I'iglit (‘taitury.  TIk;  tlis^ 

i«  nil  iiiHlafit  turn  from  its  luai  a,ri<l  hr*(>k(;ti  iiito  thi’titj 
largo  aii4  ■».  “  Untie  ff  these,  2<S  hiet  long,  17  feel. 

!*r«iafi,  uu*l  3  feel,  ill  I l4it:k tie •<:«.,  was  hiiiietl  aeross  a  high  point  of  ro(‘k  l.o 
a  <li  .faiti'e  <if  30  yarti*,  Ariothm*  hrokmi  mass,  about  40  feuit  long,  wan 
throw  ft  tart li«*r,  hiii  in  the  name  tlireeiiou  and  <(uite  into  the  nea,. 
11i4?re  a!*ri  iiiJiiy  hn^her  fragnieuis  se;att(*r(Ml  up  and  down.”’  On 

|al!i  Auirn  I  IttOl  a  tmi^^  of  grey  gneiss,  weigliing  a.lHml  t4in;e  a,nd  a 
halt  loii  ,  tVoiii  tin-  solid  rock  near  Sl.oekholni.'' 

llie  111* ♦re  lislial  I’tlerf  of  light  iting,  howe\er,  is  {.o  produce  in  loose 
iitiiti  i*r  liwire  roiiipaii  roek  palelies  of  vitreous  (lr<»ps  or  huhhhss  eoa.tiug 
lilt*  slirfiiee,  ajoi  iiilipH  leriiied  /uhjiifiliA,  which  raugei  up  to  ‘JA  iuehen 
ill  iliaiiiiier,  lliesi*  (leseimd  \ertie;dlj,  hut.  sometimes  o]>li(|uely, 

froiii  the  ^tirhiefa  of'easiimally  lira.rirli,  and  rapidly  leHsen  in  {limensionH 
till  flier  Unn  an*  formed  hy  flu*  actual  fusion  of  the  partic5l(W 

of  the  -oil  or  iof’li  Hiii jiaifidiiig  the  pathway  <4  tlui  <*}e(*t.ric.  spark.  Tlnjy 
have  iieeit  liioa  I i'ei|iieiif Iv  found  iff  loose*  sami.  Ahieh  has  ohsiu'vod 
r\aiii|»Ies  of  siirfi  iiihiil.ir  pmfora! ions  w  it.h  vitreous  vvaJls  in  tlu^  poi’ous 
ri‘fidi  di  tt  idle  aiiiiesiie  a!  the  siimmit  i»f  Lit.tle,  Ai'ai'a,!..*’  A  pie.ee  of  the 
r<»ek  alioiii  a  hwit  long  he  oht,aini*«l  perforated  a.ll  ovnn*  with  irregular 
tiihfH-  iiaiiiig  4fi  aieragi*  diametin*  <»f  3»  c.entimet.res.  Mach  of  th^se  is 
lined  iiitli  a  filar ki.^4i  g!**.eii  glass,  As  the  whoh*  summit,  of  t.lumnountain, 
oiviiig  111  it-H  fm|iteiii  storiiiH,  is  drilled  iu  tins  maumn*,  it  is  cvichmt 
flial  the  artioii  *4  liglitiiiiig  may*  coimiderahly  modify  thc5  stmeture  of 
tlir  fiort ioiii4  f»f  aitv  mass  of  rtick  expo«e<l  <m  lofty  eniiuenecfs 

til  fiei|iis'iil  tliiiiidersf*iriiis.  Humboldt  colha’ical  fulgurit(‘H  fnmi  a 
trarhyle  peak  III  and  in  two  of  Ids  specimens  the  fuscal  mass  of 

the  wall*  fro  afiiiallv  oierflowed  fiom  the  tuhes  on  tln^  Hurronnding 

niirfip  I'd 

'  lie  r  ro|ii  ,  i  |«  finm  tli«’  MS.  id'  Uev.  tow. 

If  !■;»  *«r  '  s.  ''  ,  .yi.  ilifOlg  |>.  fcjl  ;  oil  Hjijittiug  of  rocliH  by 

'  ,/  I,  %  fti  W  ,b  .1  I,'  fotui  ,  itfft,/,  .1/^5/.  IbOO,  p.  lib 
^  /  |j  ’  r  li  i  II ,  I  ^ I  -  io»,  |i.  fob. 

*  i,  I;  ,  /#  a  ''  '  g  O'  /,  ft*  %v,  I*,  ll'i;  o/k  f’ii.  VJi,Kiv.  ( 18H2), 

j,  »a;  ,  I  lU  f.  b  o  ,  f*  Ilii.  lOoton  liKhtaing  wiw  olfHcrvol 

a,  li,  w  «*  fa  f  ‘s,  jifoielf  of  M<»nl  niaiir  i:-m>  idm>  F,  Hiiib'y, 

y.  /,  O  ^  |,  1,'ro  .  n-  l:s,.,M|j4  la  mif  ,'i ’jrlira  nail  liimotoei'  on  a  peak  of  the 

j  j  ,,  o.*  1,4  lit  oi  MoMiif  'riiirloni,  nn*Koi»,  ainl  on  tin*  top  of 

M  war  t  4.4  .1.  /■  or.  m»4.  |hh|  ;  tn  4.  Ki'rb"*  in  Kbnjrophain*  .schi^^t 

.4i  \|  j,o-  Uvf,  4^ i  t/  I  .  It  ,‘fbj,  J.  i/  F.  \i%\  ilhHip,  p.  (HI  ;  by  F.  Uiitby  from 
Oiii  Joiil,  V  e,  l/<o|  ,  l4ri.p.‘i*^0,iaMiM|gAj4oiin,iniFromr‘iorfioimt'yjnfjcrp<*n- 
!,j.r  ay  »la  -.y|«n  4  of  IlFrlF^iu  ;  §0  FiolVotof  W.  Ilafir=-aiy  in  greon  Mcblsi  from  the 
if ‘0.|i  fail  XaJflsOsOsI  Hi  ei  4|jt*  tioiii  of  I'lr  Mbor  in  tin*  {h1«  of  Amin, 

0  A  **  4'  la.  pp,  i;.r,  l.'at  |.'»0,  al  O  Frofesoi  Hoiin»*\,  I'Av*/,  jt/m/.  iHbli,  p.  1  ; 

W .  g.  lltlOl  ,  p.  07l,  ttlirrr  ft  prmlijir  eilrr!  of  hglitniuK  stroke  i* 

*h  I  iiom|  o\*i  144  ipr.i  !•*  10  Iwf  »|ti,iie,  ’^In-  fork  beiiiK  ‘i’tit  Into  fn^n»<oitH 

.|  1..  » 'mO  *rr*fc*  4'ie  to  In  nolo  A,  A.  aitiifii*  “A  Htttily  of  tin* 

if  I  ,  '  J  oe,  fifiJ,  iu  PI*.  t»i  ii  iVjll, 
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Effects  of  Changes  of  Temperature. — Of  far  wider  geological 
importance  are  the  effects  that  arise  among  rocks  and  soils  from  the 
alternate  expansion  and  contraction  caused  by  daily  or  seasonal  changes 
of  temperature.  In  countries  with  a  great  annual  range  of  temperature, 
considerable  difficulty  is  sometimes  experienced  in  selecting  building- 
materials  liable  to  be  little  affected  by  rapid  or  extreme  variations  in 
temperature,  which  induce  an  alternate  expansion  and  contraction  that 
prevents  the  joints  of  masonry  from  remaining  close  and  tight. ^  If  the 
daily  thermometric  variations  are  large,  the  effects  are  frequently  striking. 
In  AVestern  America,  where  the  climate  is  remarkably  dry  and  clear,  the 
thermometer  often  gives  a  range  of  more  than  80"  in  the  twenty-four 
hours.  Thus  in  the  Yellowstone  district,  at  a  height  of  9000  feet  above 
the  sea,  the  author  found  the  temperature  of  rocks  exposed  to  the  sun  at 
noon  to  be  more  than  90°  Fahr.,  and  the  thermometer  at  night  to  sink 
below  20°.  In  the  Sahara  and  other  African  regions,  as  well  as  in 
Central  Asia,  the  daily  range  is  considerably  greater.  This  rapid 
nocturnal  contraction  produces  such  a  superficial  strain  as  to  disintegrate 
rocks  into  sand,  or  cause  them  to  crack  or  peel  oft*  in  skins  or  irregular 
pieces.  Dr.  Livingstone  found  in  Africa  (12°  S.  lat.,  34°  E.  long.)  that 
surfaces  of  rock  which  during  the  day  were  heated  up  to  137°  Fahr., 
cooled  so  rapidly  by  radiation  at  night  that,  unable  to  sustain  the* strain 
of  contraction,  they  split  and  threw  oft*  sharp  angular  fragments  from  a 
few  ounces  to  100  or  200  lb.  in  weight^  In  the  plateau  region  of 
North  America,  though  the  climate  is  too  dry  to  afford  much  scope  for 
the  operation  of  frost,  this  daily  vicissitude  of  temperature  produces 
results  that  quite  rival  those  usually  associated  with  the  work  of  frost. 
Among  the  Quitman  mountains  of  Texas  the  bare  rocks  split  with  a  loud 
report,  the  detached  fragments  varying  in  thickness  from  half  an  inch 
to  four  inches,  and  in  superficial  area  from  a  few  square  inches  to  many 
feet.^  By  this  continual  operation  cliffs  are  slowly  disintegrated,  the  surface 
of  arid  plains  is  loosened,  and  the  fine  d(%ris  is  blown  away  by  the  wind. 

Effects  of  Wind. — The  geological  work  directly  due  to  the  air  itself 
is  mainly  performed  by  wind.^  A  dried  surface  of  rock  or  soil,  when 

^  In  the  United  States,  with  an  animal  tlierinornetric  range  of  more  than  90"  Fahr., 
this  (litliculty  led  to  some  experiments  on  the  amount  of  exiiansion  and  contraction  in 
different  kinds  of  bnilding-stones,  caused  by  variations  of  temperature.  It  was  found  that 
in  fine-grained  granite  the  rate  of  expansion  was  *000004825  for  every  degree  Fahr.  of 
increment  of  heat  ;  in  white  crystalline  marble  it  was  *000005668  ;  and  in  red  sandstone 
•000009532,  or  about  twice  as  much  as  in  granite.  Totten,  in  .SiUhnan's  Anw.r.  Journ, 
xxii.  p.  136.  See  anic,  pp.  392,  401. 

“  Livingstone’s  ‘Zamliesi,’  pp.  492,  516.  According  to  Stanley,  cold  rain  falling  on 
these  sun-heated  African  rocks  causes  them  to  split  open  and  peel  off’.  Proa,  Roy. 
y^oc.  XX.  (1876),  p.  142.  N.  S.  Slialer,  Proc.  Boston  Soc.  Nat.  Jlist.  xii.  (1869),  p.  292.  See 
also  J.  Walther,  Bull.  &oc.  Imp.  Natur.  Mosanr,  1897,  No.  3,  p,  438,  and  his  ‘  Uesetz  der 
VViistenbikliing  in  Oegenwart  unci  Vorzeit,’  Berlin,  1900. 

^  H.  von  Streernwitz,  Ann.  lUp.  Gcol.  Sura.  Texas,  1892,  p.  144. 

^  The  general  geological  effects  of  wind  are  discussed  by  F.  Czerny,  Pete.rm  arm’s  MitthelL 
Ergiinziingsheft,  No.  48.  Nature,  xv.  p.  231.  J.  A.  Uddeti,  Jowm.  Geul.  ii.  (1894),  pp. 
318-331 ;  and  Appleton’s  Pap.  Set.  Mo'nthhj,  Septemlier  1896,  p.  655. 
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exposed  to  wind,  has  the  fiaer  disintegrated  particles  blown  away  as  dust 
or  sand.  Tlie  capacity  of  wind  .for  this  kind  of  transport  depends 
mainly,  on  the  one  hand,  upon  the  size,  form  and  specific  gravity  of  the 
materials  to  be  moved,  and  on  the  other  upon  the  velocity  of  the  currents 
of  air.  Some  experiments  made  by  Mr.  J.  A.  Udden  in  Illinois  give  an 
idea  of  this  capacity  and  of  the  sifting  power  of  the  wind.  The  com¬ 
ponent  grains  of  a  coarse  loam  were  separated  by  him  into  groups  of 
different  degrees  of  fineness  and  were  then  thrown  into  the  air,  when  the 
wind  was  blowing  at  the  rate  of  about  eight  miles  in  an  hour.  The 
following  table  gives  the  results  :  ^ — 

'Behaviour  of  the  Particles  wlien  tliruwu  into  the  air, 

Dcseiibed  a  path  diverging  about  10"  from  a  vertical  line. 

5,  ,,  hut  a  few  degreea  from  a  horizontal 

line  ;  wore  blown  upward  by  eddies. 

Could  scarcely  be  noticed  to  settle  in  transport. 

Apparently  completely  borne  up  by  the  wind. 

Completely  borne  up  by  the  wind. 

JJ  33 

In  gusts,  however,  and  eddies  caused  by  irregularities  in  the  surface 
of  the  land,  the  velocity  of  the  wind  is  such  as  to  move  much  larger 
fragments  of  stone.  Thus,  on  the  exposed  sea-clifis  of  the  Orkney  and 
Shetland  Islands  it  is  common  to  find  pieces  of  flagstone  or  slate  weighing 
several  pounds,  which  have  been  detached  from  the  face  of  the  precipice 
during  gales  and  have  been  swept  upwards  and  scattered  over  the 
heathy  moor  above.  These  fragments  being  thin  and  flat,  expose  larger 
surfaces  to  the  wind  than,  hulk  for  bulk,  are  afforded  by  rocks  that  weather 
into  rounded  lumps,  like  graxiite  and  basalt. 

When  we  consider  the  wide  extent  over  Avhich  wind  blows,  it  is  not 
difficult  to  realise  how  potent  its  influence  must  be  in  the  transport  of 
material  from  one  district  to  another.  The  process  takes  place  familiarly 
before  our  e3^es  on  every  street  and  roadway,  over  cultivated  ground,  as 
well  as  on  surfaces  with  which  man  has  not"  interfered.  It  is  geologically 
most  marked  in  dry  climates.  Aridity  indeed  is  its  main  cause.  Mr. 
Flinders  Petrie,'  the  able  Egyptian  arclueologist  and  explorer,  has  brought 
forward  evidence  of  the  abrading  influence  of  the  wind  upon  mud-brick 
walls  and  other  buildings,  and  he'  estimates  that  in  some  parts  of  the 
Nile  delta  about  eight  feet  of  soil  has  been  swept  awa,y  by  the  wind 
during  the  last  2600  years,  or  nearly  four  inches  in  a  century.^  Many 
old  fortifications  in  Northern  China  have  been  laid  bare  to  the  very 
foundations  by  the  removal  of  the  surrounding  soil  through  long- 
continued  action  of  wind.^  In  the  dry  plateaux  of  North  America,  too, 
though  no  human  memorials  serve  there  as  measures,  extensive  denuda¬ 
tion  fbom  the  same  cause  is  in  progress. 

It  is  not  merely  that  the  wind  blows  away  what  has  already  been 
loosened  and  pulverised.  The  grains  of  dust  and  sand  are  themselves 

^  Jour/L  Uml.  ii.  (1894),  p.  323.  “  Proc.  Hoy.  (U’oyraiih.  8oc.  1889,  iJ.  648. 

Kiclithofeu’s  ‘Cliiiia,’  Berlin,  1877,  i.  p.  97. 
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gradually  erode  the  shallow  cavities  in  which  they  lie.  On  a  larger 
scale  this  action  results  in  the  scooping  out  of  broad  shallow  basins,  which 
when  rain  comes  are  turned  into  lakes.  On  the  great  plains  of  the 
United  States  such  lakelets  are  abundant,  having  no  outlets  and  no 
constant  inlets,  usually  not  permanent  though  sometimes  lasting  for  years, 
and  only  disappearing  after  a  succession  of  dry  seasons.  Their  origin  is 
to  be  ascribed  to  the  action  of  wind  on  surfaces  of  shale  bare  of  vegeta¬ 
tion.  The  alternate  filling  and  drying  up  of  these  basins  keep  their  sites 
sterile,  and  the  wind  is  thus  aided  in  desiccating  them  and  in  sweeping  the 
detritus  that  is  produced  on  them  by  disintegration  or  is  carried  into 
them  from  the  surrounding  ground.^ 

As  the  result  of  the  protracted  action  of  wind  upon  an  area  exposed 
at  once  to  great  drought  and  to  rapid  vicissitudes  of  temperature,  a 
continuous  lowering  of  the  general  level  takes  place.  The  great  sandy 
deserts  thus  produced  represent,  however,  only  a  portion  of  the  disintegra¬ 
tion.  Vast  quantities  of  the  finer  dust  are  borne  away  by  the  wind  into 
other  regions,  where,  as  will  be  immediately  pointed  out,  they  tend  to 
raise  the  general  level.  Again,  a  considerable  amount  of  fine  dust  and 
sand,  blown  into  the  neighbouring  rivers,  is  carried  down  in  their  waters. 
In  inland  areas  of  drainage,  indeed,  like  that  of  Central  Asia,  this  transport 
docs  not  finally  remove  the  river-borne  sediment  from  the  basin  of 
evaporation,  but  tends  to  fill  up  the  lakes.  Where,  however,  as  in  North 
America,  rivers  cross  from  the  desert  areas  to  the  sea,  there  must  be  a 
permanent  removal  of  wind-swept  detritus  by  these  streams.  In  the  arid 
plateaux  drained  by  the  Colorado  and  its  tributaries,  so  great  has  been 
the  subaerial  denudation  that  a  thickness  of  thousands  of  feet  of  horizontal 
strata  lias  been  removed  from  the  surface  of  level  plains  thousands  of 
square  miles  in  extent.  This  denudation,  the  extent  of  which  is  attested 
by  the  remaining  cliffs  and  “  buttes,’^  or  outliers,  of  the  strata,  appears  to 
be  in  great  measure  due  to  the  causes  here  discussed,  augmented  in  some 
districts  by  the  effects  of  occasional  heavy  storms  of  rain. 

In  regions  where  the  temperature  sinks  to  the  freezing-point  or  below 
it,  much  transport  of  snow  is  effected  by  the  wind.  In  polar  latitudes, 
where  snow  falls  not  in  flakes  but  in  minute  ice-needles,  it  remains  dry 
and  pulverulent ;  and  as  a  snow-storm  is  often  followed  by  a  gale,  the  snow 
is  swept  off  the  frozen  ground,  which  is  then  exposed  to  denudation 
alike  by  wind  and  by  frost.  A  good  deal  of  the  fine  dust  of  rocks  is  thus 
produced  and  removed.  The  hard  ice-particles  and  the  grains  of  stone 
wear  down  the  surfaces  of  rock  or  frozen  soil  over  which  they  are  driven.^ 

One  further  effect  produced  by  air  in  violent  motion  may  be  seen  in 
the  destruction  caused  by  cyclones.  Not  only  are  houses  demolished, 
with  much  damage  to  other  property  and  loss  of  life,  but  permanent 
changes  of  more  or  less  importance  are  produced  upon  the  surface  of  a 
country-  Loose  rocks  on  the  surface  of  cliffs  are  hurled  down,  and  blocks 
of  stone  and  loose  gravel  are  swept  away.  Bnt  the  most  obvious  effects 

^  G.  K.  Gilbert,  Journ.  Geol.  iii.  (1895),  p.  47. 

-  See  an  interesting  paper  by  Dr.  C.  Davison,  Q.  J.  G.  S.  1.  (1894),  p.  472,  where 
mmierous  authorities  on  the  subject  of  snowdrift  are  cited. 
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are  those  in  wooded  districts,  where  the  trees  are  prostrated  far  and  near 
in  the  path  of  the  storm.  On  the  18th  and  19th  of  May  1883,  a 
succession  of  hurricanes  passed  over  the  States  of  Illinois  and  Wisconsin, 
with  such  fury  that  the  brick  chimney  of  a  factory  was  carried  to  a 
distance  of  three-quarters  of  a  mile,  an  entire  house  was  lifted  into  the 
air  and  l)lown  to  pieces,  and  an  oak  two  feet  in  diameter  was  dashed 
through  a  house.  When  such  a  storm  passes  over  forest- ground  in 
temperate  latitudes,  the  surface-drainage  may  he  so  obstructed  by  the 
fallen  stems,  that  marsh-plants  spring  up,  and  eventually  the  site  of  a 
forest  may  be  occupied  by  a  peat-moss  (p.  607). 

2.  Reproductive  Action. — Grrowth  of  Dust. — The  fine  dust  and 
sand  resulting  from  the  general  superficial  disintegration  of  rocks  would, 
if  left  undisturbed,  accumulate  in  situ  as  a  layer  that  would  serve  to  protect 
the  still  undecayed  portions  underneath.  Such  a  layer,  indeed,  partially 
remains,  but,  being  liable  to  continual  attack  and  removal,  may  be  taken 
to  represent,  where  it  occurs,  the  excess  of  disintegration  over  removal. 
In  the  vast  majority  of  cases,  however,  the  superficial  coating  of  loose 
material  is  not  due  merely  to  the  direct  action  of  the  sun’s  rays  and  of 
the  air,  but  in  far  greater  degree  to  the  work  of  rain,  aided  by  the 
co-operation  of  plants  and  animals.  To  the  layer  thus  variously  produced, 
the  name  of  Soil  is  given.  Its  formation  is  described  at  p.  459. 

That  wind  plays  an  effective  part  in  the  re-distribution  of  superficial 
detritus  is  demonstrated  by  every  cloud  of  dust  blown  from  desiccated 
ground.  We  only  need  to  take  into  account  the  multiplying  power  of 
time,  to  realise  how  extensively  the  soil  of  a  district  may  be  lowered,  or, 
in  other  cases,  may  be  replenished  and  heightened  by  the  dust-storms  of 
centuries.  Dust  and  sand,  intercepted  by  the  leaves  of  plants,  gradually 
descend  into  the  soil,  whither  they  are  washed  down  by  rain,  so  that 
even  a  permanently  grassy  surface  may  be  slowly  and  imperceptibly 
heightened  in  this  way,  and  a  soil  may  be  formed  differing  considerably 
in  chemical  composition  from  what  would  result  merely  from  the  decay 
of  the  subsoil^ 

On  the  sites  of  ancient  monuments  and  cities,  this  reproductive  action 
of  the  atmosphere  can  be  most  impressively  seen  and  most  easily 
measured.  In  Europe,  on  sites  still  inhabited  by  an  abundant  population, 
the  deep  accumulations  beneath  which  ancient  ruins  often  lie  are  doubtless 
mainly  to  be  assigned  to  the  successive  destructions  and  re-buildings  of 
generation  after  generation  of  occupants.  But  at  Nineveh,  Babylon,  and 
many  other  Eastern  sites,  mounds  which  have  been  practically  untouched 
by  man  for  many  centuries  consist  of  fine  dust  and  sand  gradually  drifted 
by  the  wind  round  and  over  abandoned  cities,  and  protected  and 
augmented  by  the  growth  of  vegetation.-  In  those  arid  lands,  the  air  is 

1  C.  Reid,  GeoL  Mag,  1884,  p.  165. 

“  The  rubbish  which,  in  the  course  of  many  centuries,  has  accumulated  above  the 
foundations  of  the  Assyrian  buildings  at  Kouyunjik  was  found  by  Layard  to  be  in  some 
places  twenty  feet  deep.  It  consisted '  partly  of  ruins,  but  mostly  of  tine  sand  and  dust 
blown  from  off  the  plains  ami  mixed  with  decayed  vegetable  matter.  Layard,  ‘Nineveh 
and  its  Remains,’  3rd  edit.  ii.  y.  120.  *  See  also  Richthofen’s  ‘China,’  i.  j).  97. 
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often  laden  with  fine  detritus,  which  drifts  like  snow  round  conspicuous 
objects  and  tends  to  bury  them  up  in  a  dust-drift.  In  Central  Asia,  even 
when  there  is  no  wind,  the  air  is  often  thick  with  fine  dust,  and  a  yellow 
sediment  settles  from  it  over  everything.  In  Khotan  an  exceedingly  fine 
dust  sometimes  so  obscures  the  sun  that  even  at  midday  one  cannot  read 
large  print  without  a  lamp.  This  dust,  deposited  on  the  soil,  heightens 
and  fertilises  it,  and  is  regarded  by  the  inhabitants  as  a  kind  of  manure, 
without  which  the  ground  would  be  barren.^ 

Loess. — This  name  has  been  given  to  a  remarkable  deposit,  first 
described  in  the  valley  of  the  Rhine,  but  which  has  been  found  to  cover 
vast  areas  both  in  the  Old  World  and  the  New.^^  It  is  usually  a 
yellowish  homogeneous  clay  or  loam,  unstratified,  and  presenting  a 
singular  uniformity  of  composition  and  structure.  •  When  carefully 
examined,  its  quartz-grains  are  found  to  be  remarkably  angular,  and  its 
mica-fiakes,  instead  of  being  deposited  horizontally,  as  they  are  by  water, 
occur  dispersedly  in  every  possible  position  and  with  no  definite  order.*^ 
The  chief  constituent  of  loess  is  always  hydrated  silicate  of  alumina,  in 
which  the  scattered  grains  of  quartz  and  flakes  of  mica  are  distributed. 
The  deposit  is  somewhat  calcareous,  the  lime  being  here  and  there  segre¬ 
gated  into  curious  concretionary  forms  (Lossmiinchen,  Losspuppen,  p.  439) 
by  the  action  of  infiltrating  water.  Though  a  firm  unstratified  mass,  it 
is  traversed  by  innumerable  tubes,  formed  by  the  descent  of  roots  and 
mostly. crusted  with  carbonate  of  lime.  These  have  generally  a  vertical 
position,  and  ramify  downwards.  Where  the  surface  is  covered  with 
vegetation,  they  may  be  seen  occupied  by  rootlets  to  a  depth  of  a  foot  or 
a  few  feet  from  the  surface.  By  means  of  these  pipes  a  tendency  is  given 
to  a  vertical  jointing  of  the  mass.  With  these  characters,  the  loess  unites 
a  remarkable  peculiarity  in  respect  of  its  organic  remains,  which  consist 
chiefly  of  land-shells,  sometimes  in  immense  numbers,  likewise  of  the 
bones  of  various  herbivorous  and  carnivorous  mammals,  which  are  either 
identical  with  or  closely  allied  to  living  species  that  abound  on  steppes 
and  grassy  plains.  Freshwater  sliells  are  usually  rare,  and  marine  forms 
do  not  occur.  Loess  is  found  at  all  elevations,  up  to  5000  feet  among 
the  Carpathians,  8000  feet  in  Shansi,  China,  and  probably  to  still  higher 
altitudes  farther  west.  In  hilly  regions  it  fills  up  the  valleys,  shading  off 
on  either  side  up  the  slopes  into  the  angular  debris  of  the  adjoining  rock. 
Elsewhere,  it  spreads  over  the  surface  so  as  completely  to  conceal  the  original 
inequalities  of  the  ground.  In  Northern  China,  Richthofen  found  it  to 
have  a  thickness  of  1500  or  possibly  over  2000  feet,  and  to  be  cut  into 
deep  valleys  and  precipitous  ravines,  with  cliffs  500  feet  high,  which  are 
excavated  into  tiers  of  chambers  and  passages  by  a  teeming  population.^ 

^  Johnson’s  “  Journey  to  Hohi,  the  capital  of  Khotan,”  Journ.  Oerxj.  &}c.  xxxvii.  1867, 
p,  1.  H.  B.  Gupi)y,  Suture,  xxiv.  (1881),  p.  126. 

2  The  calcareous  clays  of  the  arid  regions  of  North  America  have  been  largely  used  for 
the  manufacture  of  sun-dried  bricks  called  in  Spanish  “adohe,” — a  term  which  has  been  pro¬ 
posed  as  a  geological  designation  for  these  deposits.  *  I.  C.  Russell,  (feol.  1889,  p.  291. 

^  See  Mr.  Eussell’s  paper  cited  in  the  previous  note,  p>.  294. 

See  Richthofen’s  description,  GeoL  Ma^.  1882,  p.  293,  and  liis  ‘China,’  above  cited. 
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In  the  arid  tracts  of  North  America  the  loess  or  “adobe”  is  estimated  to 
be  sometimes  2000  or  3000  feet  thickd 

Various  theories  have  been  proposed  in  explanation  of  this  singular 
deposit.  By  some  it  has  been  referred  to  the  operation  of  the  sea ;  by 
others  to  the  work  of  lakes  or  of  riv'ers.  But  its  wide  extent,  its 
independence  of  the  altitude  or  contours  of  the  ground,  its  uniform  and 
unstratified  character,  the  unworn  condition  of  its  component  particles, 
and  the  nature  of  its  organic  remains,  show  that  it  cannot  be  assigned 
to  the  action  of  large  bodies  of  water.  Bichthofen  propounded  in  1870 
the  opinion  that  the  loess  is  mainly  due  to  the  long-continued  drifting 
and  deposit  of  fine  dust  by  wind  over  areas  more  or  less  covered  with 
grassy  vegetation,  aided  by  the  washing  influence  of  rain ;  and  this  view 
has  been  widely  accepted.  More  recently  Dr.  C.  Davison  has  suggested 
that  the  loess  is  best  explained  on  the  supposition  that  it  has  resulted 
from  snowdrift.'^  Where  rain  is  distributed  somewhat  ecpially  throughout 
the  year,  little  dust  is  formed ;  but  where  dry  and  wet  seasons  alternate, 
as  in  Central  Asia,  vast  quantities  of  dust  may  be  moved  during  the 
months  of  dry  weather.  When  the  dust  falls  on  bare  ground,  it  is 
eventually  swept  away  by  the  wind  ;  but  where  it  settles  down  on  ground 
covered  with  vegetation,  it  is  in  great  measure  protected  from  further 
transport,  and  thus  heightens  the  soil.'^ 

For  atmospheric  accumulations  of  this  nature,  Trautschold  proposed 
the  name  eluvium.  They  originate  in  situ,  or  at  least  only  by  wind-drift, 
whereas  alluvium  requires  the  operation  of  water,  and  consists  of  materials 
brought  from  a  greater  or  less  distance.^  For  wind-formed  deposits  the 
term  “  seolian  ”  is  now  commonly  used. 

Sandhills  or  Dunes.^ — Winds  blowing  continuously  upon  sand 

1  Russell,  Geol.  Mag.  1889,  p.  292. 

Ill  tlie  paper  cited  ante,  j).  437. 

^  Richthofen,  Geol.  Mag.  1882,  p.  297.  For  some  of  the  more  important  contributions 
to  this  subject,  see  Richthofen’s  China/ vols.  i.  and  ii.  ;  also  Verb.  Geol.  Reicbs.  1878, 
p.  289;  E.'Tietze,  Verb.  Geol.  Reirks.  1878,  p.  113;  1881,  p.  37;  Jahrb.  Geol.  Reichs. 
1881,  p.  80  ;  1882,  p.  11  ;  1883,  p.  279;  R.  Piimpelly,  ximer.  Jonrn.  Sci.  xvii.  (1879); 
E.  W.  Hilgard,  ojj.  cit.  xviii.  (1879),  pp.  106,  427  ;  I.  C.  Russell,  <hol.  Mag.  1899,  pp. 
288,  342  ;  J.  A.  Udden,  Bull.  Geol.  iSoc.  Am.  ix.  (1897),  p.  6  ;  F.  Wahnschaffe,  Z.  iJeutscb. 
Geol.  Ges.  1886  ;  .fahrh.  Preuss.  Landesanst.  1889,  p.  328  ;  A  Saner,  Zeitsch.  fur  Natur- 
ulssetisch.  Ixii.  (1889) ;  T.  W.  Kingsmill,  Nature,  xlvii.  (1892),  p.  80  ;  Kingsmill  and 
Skertchly,  Q.  J.  G.  H.  li.  (1895),  p.  238  ;  Chamberlin,  Jown.  Geol.  v.  (1897),  p.  795  ;  C.  R. 
Keyes,  Amer.  Journ.  Sci.  vi.  (1898),  p.  299  ;  A.  Viglino,  Boll.  Soc.  Geol.  Ital.  xx.  (1901), 
p.  311  ;  and  postea,  Book  VI.  Part  V.  Sect.  i.  On  the  loess  of  Alsace,  see  E.  Schumacher, 
Coimniss.  Landesmitersiicb.  Elsass-LotUri/igen,  vol.  ii.  part  i.  (1889),  p.  79  ;  of  South 
Russia,  W.  F.  Hume,  Geol.  Mag.  1892,  p.  540  ;  of  the  Pampas,  S.  Roth,  Z.  D.  G.  G.  xl. 
(1888),  p.  422  ;  0.  Nordenskjbld,  Geol.  Foren.  Stockholm,  xxii.  (1901),  pp.  191-206,  where 
the  “  Pampas-formation  ”  is  described. 

Z.  1).  G.  G.  xxxi.  p.  578. 

^  For  accounts  of  maritime  sand-dunes,  their  extent,  progress,  structure,  and  the  means 
employed  to  arrest  their  progi’ess,  the  student  may  consult  Anderssen’s  ‘  Klitformationen,’ 
8vo,  Copenhagen,  1861;  Laval  in  AnnaUs  des  Fonts -et-Ghaussees,  1847,  2me  sem.  ; 
Marsh’s  'Man  and  Nature,’  1864,  and  the  works  cited  by  him  ;  Forchhammer,  Edin.  New 
Phil.  Journ.  xxxi.  (1841),  p.  61;  Blie  de  Beaumont,  ‘  Le9ons  de  G4olo^ie  pratique/ 
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cl. five  it  onward,  and  pile  it  into  irregular  heaps  and  ridges,  called 
dunes.”  This  takes  place  more  especially  on  windward  coasts,  either 
the  sea  or  of  large  inland  lakes,  where  sandy  shores  are  exposed  to 
drying  influence  of  solar  heat  and  wind ;  but  similar  effects  may  be 
‘^een  even  in  the  heart  of  a  continent,  as  in  the  sandy  deserts  of  the 
Sahara,  Arabia,  and  in  the  arid  lands  of  Utah,  Arizona,  &c.  The  dunes 
t'l'avel  in  parallel,'  irregular  and  often  confluent  ridges,  their  general 
c^lirection  being  transverse  to  the  prevalent  course  of  the  wind.  Local 
"Wind-eddies  cause  many  irregularities  of  form.  In  humid  climates,  rain¬ 
water  or  the  drainage  of  small  brooks  is  sometimes  arrested  between  the 
3"iclges  to  form  pools  (dtangs  of  the  Trench  coasts),  where  formations  of 
X>eat  occasionally  take  place.  On  the  coast  of  G-ascony,  the  sea  for  100 
iiuiles  is  so  barred  by  sand-dunes  that  in  all  that  distance  only  two  out¬ 
lets  exist  for  the  discharge  of  the  drainage  of  the  interior.  As  fast  as 
One  ridge  is  driven  away  from  a  beach  another  forms  in  its  place,  so  that 
a,  series  of  huge  sandy  billows,  as  it  were,  is  continually  on  the  move 
from  the  sea-margin  towards  the  interior.  A  stream  or  river  may 
temporarily  arrest  their  progress, 

U)ut  eventually  thej^  push  the  ob¬ 
stacle  aside  or  in  front  of  them. 

Xn  this  way  the  river  Adour,  on 
the  west  coast  of  France,  has  had 
its  mouth  shifted  two  or  three 
rniles.  Occasionally,  as  at  the 
mouths  of  estuaries,  the  sand  is 
"blown  across,  so  as  gradually  to 
e:x: elude  the  sea,  and  thus  to  aid 
the  fiuviatile  deposits  in  adding 
to  the  breadth  of  the  land.  In 
l‘"’ig.  90  a  stream  {e  e)  is  repre¬ 
sented  as  crossing  a  plain  (a)  at 
the  margin  of  the  sea  or  of  a  large  Fig.  do, — Saiul-fUmes  aflectiug  land-drainagC)  (U.). 
inland  sheet  of  water,  bounded  by 

a.  range  of  sand-dunes  {b  b)  extending  between  the  two  lines  of  cliff  (c  g). 
The  stream  has  been  turned  to  its  right  bank  by  the  advance  of  the 
dunes  driven  by  a  prevalent  wind  blowing  in  the  direction  of  the 
jtrrows.  A  brook  (/)  has  been  arrested  among  the  sandy  wastes,  whence, 

i.  p.  183  ;  Winkler,  Conr/.  InUrnat.  Giol.  1878,  p.  181.  Information  regarding  the  sands 
of  the  interior  of  continents  will  be  found  in  Palgrave’s  ‘Travels  in  Arabia’;  Tristram, 
^  'The  Great  Sahara,’  1860  ;  Desor,  “Le  Sahara,  ses  didereiits  types  de  deserts,”  Bull,  Soc. 
jScL  Nat.  Neufchdtel^  1864  ;  A.  Parran,  B.  S.  (^.  F.  xviii.  (1890),  p.  24.5  ;  A.  Choisy, 
*  .I)ocument^  relatifs  a  la  Mission  dirigee  au  Sud  de  TAlgerie,’  1890,  p.  3‘23  ;  Captain  H. 
O.  Lyons  on  the  Libyan  Desert,  J.  (J.  S.  (1894),  p.  531  ;  liii.  (1897),  p.  360  ;  E.  Fuchs, 
JPeterinami' 8  Mittheil.  1879  ;  A.  Pornel,  Aavs'oc.  Fran^alse,  1877,  p.  428  ;  G.  Bolland, 
S.  G.F.,  3ine  s^.r.  x.  p.  30,  Ial  Nature^  1882,  Soc.  de  Gkuj.  1890  ;  Pdchtliofen’s  ‘China,’ 
i.  ;  J.  Walther’s  monograph  on  Deserts  cited  ante,  p;  434  ;  Sven  Plediii  on  the  deserts  of 
Oentral  Asia,  Peterm.  Miith.  Erganzungsheft,  No.  131  (1900)  ;  I.  C.  Russell  on  the  subaerial 
deposits  of  North  America,  Qeol,  Mag.  1889,  p.  289  ;  Blake,  in  Union  Pacific  Padlroad: 
Jieport,  vol.  V. 
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affer  forming  a  few  pools,  it  finds  egress  by  soaking  through  the  sandy 
barrier. 

The  nature  of  the  grains  of  sand  depends  on  the  character  of  the 
rocks  from  the  destruction  of  which  they  are  derived,  and  their  form 
and  size  are  largely  regulated  by  the  force  of  the  wind  and  the  relative 
share  taken  by  subaerial  and  subaqueous  action  in^  their  production. 
Quartz  is  the  most  frequent  constituent,  but  the  other  minerals  of  rocks 
also  occur,  especially  those  which  are  most  capable  of  resisting  mechanical 
trituration.  In  some  cases,  organic  remains,  such  as  particles  of  shells, 
nullipores,  &c.,  form  the  main  mass  of  the  sand  (pp.  443,  444).^  The 
sand-grains  liberated  by  inland  subaerial  disintegration  are  apt  to  be 
more  angular  than  those  brought  within  the  influence  of  the  wind  along 
a  shore-line.^ 

Perfect  “ripple-marks”  (p.  642)  may  often  be  observed  on  blown 
sand.  The  sand-grains,  pushed  along  l)y  the  wind,  travel  up  the  long 
slopes  and  fall  over  the  steep  slopes.  Not  only  do  the  particles  travel, 
but  the  ridges  also  more  slowly  follow  each  other,  as  in  Fig.  91.^^ 


Fig.  PL— Diagram  of  Ripples  in  blown  Sand.  The  ridges  6’,  Zi2,  impelled  in  the  direction 
of  the  arrows,  W  W,  successively  come  to  occupy  the  hollows  nd,  (i<^  (IL). 

The  western  sea-board  of  Europe,  exposed  to  prevalent  westerly  and  south-westerly 
winds,  affords  many"  instructive  examples  of  these  reolian  or  wind -formed  deposits. 
The  coast  of  Norfolk  is  in  some  parts  fringed  with  sand-hills  50  to  60  feet  high.  On 
parts  of  the  coast  of  Cornwall^  the  sand  consists  mainly  of  fragments  of  shells  and 
corallines,  and,  through  the  action  of  rain  upon  these  calcareous  particles,  becomes 
sometimes  cemented  by  carbonate  of  lime  (or  oxide  of  iron)  into  a  stone  so  compact  as 
to  be  fit  for  building  purposes.  Long  tracts  of  blown  sand  are  likewise  found  on  tlie 
Scottish  and  Irish'^  coast-lines.  Sand-dunes  extend  for  many  leagues  along  the  French 
coast,  and  thence,  by  Flanders  and  Holland,  round  to  the  shores  of  Courland  and 
Pomerania.  On  the  coast  of  Holland  they  are  sometimes,  though  rarely,  260  feet  high 
— a  common  average  height  being  50  to  60  feet.^ 

^  Mr.  Russell  {(reoL  Mag,  1889)  refers  to  some  parts  of  the  sands  of  the  arid  lands  of 
North  America  as  being  composed  mainly  of  the  cases  of  cyprids,  blown  away  from  the 
beds  of  dried-up  lakes. 

2  Engravings  of  some  of  the  sand-grains  from  the  Egyptian  deserts  are  given  by  Walther 
in  the  essay  already  cited. 

On  the  origin  of  ripple-mark,  so  frequent  among  sandstones,  see  p.  642. 

^  Ussher,  Geol,  Mag.  (2),  vi.  p.  307,  and  authorities  there  cited.  The  upper  i>arts  of 
the  blowm  sand  are  sometimes  crowded  with  land-shells,  the  decay  of  which  furnishes  the 
cementing  material  (see  Fig.  76). 

^  See  Kinahan,  Geol.  Mag.  viii.  p.  155. 

®  On  the  growth  of  Holland  Through  the  oiieration  of  the  wind  and  the  sea,  see  !l^lie  de 
‘Legons  de  Geologie  pratique,’  i.  A  detailed  description  of  the  dunes  of 
Holland  is  given  by  J.  Lorie,  Arch.  Mush  Teyler,  ser.  ii.  vol.  iii.  part  v.  (1890),  p.  375. 
A  series  of  inland  dunes  in  the  south-west  of  Mecklenhurg-Schwerin,  between  Neustadt, 
Jj^zen  and  Boizenhurg,  is  described  by  P.  Sabban,  Mitth.  Grosshem:  MmMenh.  Geol. 
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The  breadth  of  this  maritime  belt  of  sand  varies  considerably.  On  the  east  coast  of 
Scotland  it  ranges  from  a  few  yards  to  3  miles  ;  on  the  opposite  side  of  the  North 
Sea  it  attains  on  the  Dutch  coast  sometimes  to  as  much  as  5  miles.  The  rate  of  pro¬ 
gress  of  the  dunes  towards  the  interior  depends  upon  the  wind,  the  direction  of  the 
coast,  and  the  nature  of  the  ground  over  which  they  have  to  move.  On  the  low  and 
exposed  shores  of  the  Bay  of  Biscay,  when  not  fixed  by  vegetation,  they  travel  inland 
at  a  rate  of  about  16^  feet  per  annum,  in  Denmark  at  from  3  to  24  feet.  In  the  course 
of  their  march  they  envelop  houses  and  fields ;  even  whole  parishes  and  districts  once 
populous  have  been  overwhelmed  by  them.^ 

Along  the  margins  of  large  lakes  and  inland  seas  many  of  the  phenomena  of  an 
exposed  sea-coast  are  repeated  on  a  scarcely  inferior  scale.  Among  these  must  be 
included  sand-dunes,  such  as  those  which,  reaching  heights  of  100  to  200  feet  on  the 
south-eastern  shores  of  Lake  Michigan,  have  entombed  forests,  the  tops  of  the  trees 
being  still  visible  above  the  drifting  sand.  Large  dunes  occur  also  on  the  eastern 
borders  of  the  Caspian  Sea,  where  the  sand  spreads  over  the  desert  region  between  that 
sea  and  the  Sea  of  Aral,  into  which  latter  sheet  of  water  the  spread  of  the  sand  has 
driven  the  course  of  the  Oxus,  once  a  tributary  of  the  Caspian. 

In  the  interior  of  continents,  the  existence  of  vast  arid  wastes  of  loose  sand,  situated 
far  inland  and  remote  from  any  sheet  of  fresh  water,  suggests  curious  problems  in 
physical  geography.  In  some  instances,  these  tracts  have  been  at  a  comparatively 
recent  geological  period  covered  by  the  sea.  Yet  the  disintegration  of  rock  in  torrid 
and  rainless  regions  is  so  great  (a7ite,  p.  434),  that  the  existing  sand  is  doubtless  mainly, 
if  not  entirely,  of  subaerial  origin.  The  sandy  deserts  of  the  high  plateaux  of  AVestern 
North  America,  which  have  never  been  under  the  sea  for  a  long  series  of  geological 
ages,  show,  as  we  have  already  found  (p.  437),  the  mode  and  progress  of  their  formation 
from  atmospheric  disintegration  alone.  In  Asia  li(3  the  vast  deserts  of  Gobi,  where  in 
some  places  ancient  cities  have  been  buried  under  the  sand.-  In  Rajputana,  wide  tracts 
of  sandy  desert  present  a  succession  of  nearly  parallel  ridges  or  waves  of  sand,  varying 
up  to  180  feet  from  trough  to  crest,  and  presenting  long  gentle  slopes  towards  south¬ 
west,  whence  the  prevalent  winds  blow,  but  with  north-eastern  fronts  as  steep  as  the 
sand  will  lie.^  To  the  east  of  the  Red  Sea  stretch  the  great  sand-wastes  of  Arabia  ;  and 
to  the  west  those  of  Libya.  The  sandy  wastes  of  the  Sahara  have  in  recent  years  been 
partially  explored,  especially  by  French  observers  from  the  Algerian  frontier.  Accord¬ 
ing  to  M.  Holland,  the  sand  is  entirely  due  to  the  action  of  the  wind,  and  though  there 
is  a  transport  of  sand  and  fine  dust,  the  position  of  the  .large  dunes,  sometimes  fO 
metres  in  height,  remains  on  the  whole  unchanged.*^  In  the  south-east  of  Europe,  over 
the  steppes  of  Southern  Russia  and  the  adjacent  territories,  wide  areas  of  sandy  desert 
occur.  Captain  Sturt  found  vast  deserts  of  sand  in  the  interior  of  Australia,  with  long 
bands  of  dunes  200  feet  high,  united  at  the  base  and  stretching  in  straight  lines  as  far 
as  the  eye  could  reach. 

Some  of  the  most  remarkable  <o?olian  formations  are  in  course  of  accumulation  at 
Bermuda  and  other  coral-islands.'’'’  The  finer  coral-sand,  with  remains  of  shells, 

Lmidesanst.  viii.  1897.  The  s^ne  essay  contains  a  discussion  of  the  luineralogical  compOHi- 
tion  of  diluvial  and  alluvial  sands,  and  the  methods  of  distinguishing  them.  For  an  account 
of  the  sand-dunes  of  Western  Europe,  see  W.  Tople}”,  Pop.  Science  Rev.  xiv.  (1875),  p.  133. 

^  This  destruction  has  more  recently  been  averted  to  a  great  extent  by  the  planting  of 
pine  forests,  the  turpentine  of  which  has  become  the  source  of  a  large  revenue. 

^  For  information  regarding  the  Central  Asiatic  wastes,  see  the  works  cited  on  p.  441  ; 
also  Tchihatchef,  Brit.  Assoc.  1882,  p.  356  ;  T.  D.  Forsyth,  Journ.  Roy.  Geofj.  Soc.  xlvii. 

(1878),  p.  1. 

^  Major  C.  Strahan  in  ‘Report  of  Survey  of  India,’  1882-83. 

G.  Holland  and  A.  Parran,  in  the  memoirs  cited  on  p.  441. 

^  Nelson,  X  Oeol.  Soc.  ix.  p.  200.  Wyville  Thomson’s  ‘Atlantic,’  vol.  i.  A. 
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echinodernis,  calcareous  algtC,  and  other  organisms,  is  driven  by  the  wind  into  dunes, 
the  surface  of  which  by  the  action  of  rain-water  soon  becomes  cemented  into  coherence, 
while  by  degrees  the  whole  mass  of  calcareous  debris  is  converted  into  n  hard  compact 
rock  which  rings  under  the  hammer.  The  highest  'point  of  Bermuda  ivS  245  feet  above 
the  sea,  and  the  whole  land  up  to  that  height  is  composed  of  these  hardened  calcareous 
ffiolian  deposits.  As  the  land  has  subsided,  these  rocks  have  sunk  to  some  extent  below 
sea-level,  and  are  now  cut  by  the  waves  into  shore-cliifs,  islets,  reefs  and  stacks.  ^  On 
the  coast,  between  the  mouth  of  the  Indus  and  the  peninsula  of  India,  masses  of  lime¬ 
stone  have  been  formed  by  the  blowing  ashore  of  foraminifera,  which  have  been  lolled 
and  polished  by  the  wind  and  have  accumulated  in  masses  that  can  be  (piarrie<l  tor 
building  purposes.^ 

Dust-showers,  Blood-rain. — Besides  the  universal  toinsport  and 
deposit  of  dust  and  sand  already  described,  a  phenomenon  of  a  more 
aggravated  nature  is  observed  in  tropical  countries,  where  great  droughts 
are  succeeded  by  violent  hurricanes.  The  dust  or  sand  of  deserts  and  of 
dried  lakes  or  river-beds  is  then  sometimes  borne  away  into  the  ui)per 
regions  of  the  atmosphere,  where,  meeting  with  strong  aerial  currents 
which  may  transport  it  for  many  hundreds  of  miles,  it  descends  again  to 
the  surface,  in  the  form  of  “red  fog,”  “sea-dust,”  or  ‘risirocco-dust.” - 
This  transported  material,  usually  of  a  brick-dust  or  cinnamon  colour,  is 
occasionally  so  abundant  as  to  darken  the  air  and  obscure  the  sun,  and 
to  cover  the  decks,  sails,  and  rigging  of  vessels  which  may  even  be 
hundreds  of  miles  from  land.  Eain  falling  through  such,  a  dust-cloud 
mixes  with  it,  and  descends,  either  on  sea  or  land,  as  what  is  popularly 
called  “blood-rain.”  Occasionally  the  dust  is  l3rought  flown  to  the 
surface  of  the  ground  by  snow. 

This  phenomenon  is  frequent  on  the  north-west  of  Africa,  about  the  Cape  Verd  Islandn, 
in  the  Mediterranean  and  over  the  bordering  countries.  A  microscoi>ic  cxamiiiatiaii  of 
this  dust  by  Ehrenberg  led  him  to  the  belief  that  it  contains  numerous  cliatoniH  of  South 
American  species  ;  and  he  inferred  that  a  dust-cloud  must  be  swimming  in  the  atmo¬ 
sphere,  carried  forward  by  continuous  currents  of  air  in  the  region  of  the  trade-winds  and 
anti-trades,  hut  suffering  partial  and  periodical  deviations.  But  much  of  the  dust  acHuns 
to  come  from  the  sandy  plains  and  desiccated  pools  of  the  north  of  Africa.  Daubree 
recognised  in  1865  some  of  the  Sahara  sand  which  fell  in  the  Canary  Islands.  On  the 
coast  of  Italy,  a  filni  of  sandy  clay,  identical  with  that  from  parts  of  the  Libyan  desert, 
is  occasionally  found  on  windows  after  rain.  In  the  middle  of  last  century  an  area  of 
ISTortherii  Italy,  estimated  at  about  200  square  leagues,  was  covered  with  a  layer  of  dust 
which  in  some  places  reached  a  depth  of  one  inch.  In  1846  the  Sahara  dust  reached 
Lyons,  and  it  is  said  to  have  been  since  detected  as  far  as  Boulogne-sur-Mer.^  Should  the 

Agassiz,  Conij).  ZooL  Harvard,  xxvi.  (1895),  p.  221,  where  some  g(>od  photographic 

views  of  the  (eolian  deposits  will  be  found.  See  also  A.  E.  Verrill,  Aau  Jauni,  ix. 
(1900),  p.  313,  where  a  bibliography  of  tlie  Bermudas  is  given.  The  aiolian  accunmlalions 
of  the  Florida  Keys  are  noticed  by  A.  Agassiz,  JUdl.  Mas.  Cmp.  Zuol,  JIarvard,  xxviii. 
(1896),  p.  45  ;  the  seolian  sandstones  of  Fernando  de  Noronlia  by  J.  0.  Branner,  Am.Jinirn, 
Sci.  xxxix.  (1890),  p.  247. 

1  F.  Cliapnian,  Q.  /.  G.  &  Ivi.  (1900),  p.  584. 

-  For  illustrations  see  J.  Milne,  Nature,  xlvi.  (1892),  p.  128  ;  Ivii.  (1898),  p.  463. 

^  A  remarkable  example  occurred  in  March  1901,  when  a  vast  amount  of  dust  was 
carried  from  the  desert  south  of  Algeria  across  Europe  into  liussia.  It  is  estimated  that  not 
less  than  1,800,000  tons  of  fine  sand  and  dust  were  then  transported,  two-thirds  of  which 
fell  to  the  south  of  the  Alps.  See  Professor  Riicker,  Nature,  Ixiii.  (1901),  p.  514  ;  Ixiv.  p. 
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travelling  dust  encounter  a  cooler  temperature,  it  may  be  brought  to  the  ground  by  snow, 
as  has  happened  in  the  north  of  Italy,  and  more  notably  in  the  east  and  south-east  of 
Russia,  where  the  snows  are  sometimes  rendered  dirty  by  the  dust  raised  by  winds  on  the 
Caspian  steppes.  ^  It  is  easy  to  see  how  widespread  deposits  of  dust  may  arise,  mingled 
with  the  soil  of  the  land,,  and  with  the  silt  and  sand  of  lakes,  rivers,  or  the  sea ;  and 
how  the  minuter  organisms  of  tropical  regions  may  thus  come  to  be  preserved  in  the  same 
formations  with  the  terrestrial  or  marine  organisms  of  temperate  latitudes.- 

The  transport  of  volcanic  dust  by  wind,  already  referred  to  (p.  292),  may  be  again 
cited  here,  as  another  example  of  the  geological  work  of  the  atmosphere.  Thus,  from 
the  Icelandic  eruptions  of  1874-75,  vast  showers  of  fine  ashes  not  only  fell  on  Iceland  to 
a  depth  of  six  inches,  destroying  the  pastures,  but  were  borne  over  the  sea  and  across 
Scandinavia  to  the  east  coast  of  Sweden.-*^  The  remarkable  sunsets  of  Europe  during  the 
winter  and  spring  of  1883-84  are  ascribed  to  the  diffusion  of  the  fine  dust  from  the  great 
Ki*akatoa  eruption  of  August  1883  (p.  293).  Considerable  deposits  of  volcanic  material 
may  thus  be  formed,  in  the  course  of  time,  even  far  remote  from  any  active  volcano. 

Transportation  of  Plants  and  Animals. — Besides  the  transport 
of  dust  for  distances  of  perhaps  thousands  of  miles,  wind  may  also  trans¬ 
port  living  seeds  or  spores,  which,  finally  reaching  a  congenial  climate 
and  soil,  may  survive  and  spread.  We  are  yet,  however,  very  ignorant  as 
to  the  extent  to  which  this  cause  has  actually  operated  in  the  establish¬ 
ment  of  any  given  local  flora.  With  regard  to  the  minute  forms  of 
vegetable  life,  indeed,  there  can  he  no  doubt  as  to  the  efficacy  of  the 
wind  to  transport  them  across  vast  distances  on  the  surface  of  the  globe. 
Upwards  of  300  species  of  diatoms  have  been  found  in  the  deposits  left 
by  dust-showers.  Among  the  millions  of  organisms  thus  transported 
it  is  hardly  conceivable  that  some  should  not  fall  still  alive  into  a  fitting 
locality  for  their  continued  existence  and  the  perpetuation  of  their  species. 
Animal  forms  of  life  are  likewise  diffused  through  the  agency  of  winds. 
Insects  and  birds  are  often  met  with  at  sea,  many  miles  distant  from 
the  land  from  which  they  have  been  blown.  Such  organisms  are  in  this 
way  introduced  into  oceanic  islands,  as  is  well  shown  in  the  case  of 
Bermuda.  Hurricanes,  by  which  large  quantities  of  water  are  sucked 
up  from  lakes  and  rivers  over  which  they  pass,  may  also  transport  part 
of  the  fauna  of  these  waters  to  other  localities. 

Efflorescence  Products. — Among  the  formations  due  in  large 
measure  to  atmospheric  action  must  he  included  the  saline  efflorescences 
which  form  upon  the  ground  in  the  dry  interior  basins  of  continents. 
The  steppes  of  Southern  Russia,  and  the  plains  round  the  Great  Salt 
Lake  of  Utah,  may  be  taken  as  illustrative  examples.  Water,  rising  by 

30  ;  B.  Meiinier,  Cmnjd,  rmd.  cxxxii.  (1901),  p.  894  j  Klein,  tiitzii.  Berlin  xiJead.  No.  xxxi. 
{23rd  May  1901);  p.  612.  G.  Hellinann  and  W.  lyieinardus  [Ahlumdl.  K.  Prenss.  Mctenrol. 
Inst.  ii.  No.  1.  (1901))  have  given  a  detailed  account  of  this  fall. 

1  Consult  an  interesting  paper  by  C.  von  Camerlander  on  snow  with  dust  which  fell  in 
Silesia,  Moravia  and  Hungary  in  February  1888,  Jahrh.  Geol.  Reichsanst.  xxxviii.  (1888), 
p.  281.  Bee  also  C.  Abbe,  United  Stedes  Monthly  Weather  Review,  January  1895. 

2  See  Humboldt  on  dust  whirlwinds  of  Orinoco,  ‘Aspects  of  Nature’  ;  also  Maury,  ‘Phys. 
Geog.  of  Sea,’ chap.  vi.  ;  Ehreuberg’s  ‘ Passat-Staub  imd  BIut-Regen,’  Berlin  Akad.  1847- 
A.  von  Lasaulx  on  so-called  “cosmic  dust,”  TscherntaP s  Minend.  MitUieil.  1880,  p.  517. 

^  Nordenskjold,  Geol.  Mag.  (2),  iii.  p.  292.  E.  Zirkel,  Neues  Jahrh.  1879,  p.  399. 
G.  voni  Rath,  ibid.  p.  506  ;  and  ante-j  p.  295. 
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capillary  attraction  through  the  soil  to  the  surface,  is  there  evaporated, 
leaving  behind  a  white  crust,  by  which  the  upper  portion  of  the  soil  is 
covered  and  permeated.  The  incrustations  consist  of  sodium-chloride, 
sodium-  and  calcium-carbonates,  calcium-  sodium-  and  potassium -sulphates 
in  various  proportions,  these  being  the  salts  present  also  in  the  salt  lakes 
of  the  same  regions  (p.  525)d 

§  2.  Influence  of  the  Air  on  Water. 

The  results  of  the  action  of  the  air  upon  water  will  l)e  more  fitly 
noticed  in  the  section  devoted  to  Water.  It  will  be  enough  to  notice  here— 

1.  Alteration  of  the  Water-level. — Variations  in  atmospheric 
pressure  give  rise  to  considerable  fluctuations  of  the  siu'face  of  large 
inland  sheets  of  water,  and  even  of  the  water-level  and  discharge  of 
springs.-  Kapid  and  great  diminution  of  atmospheric  pressure  may  also 
cause  a  rise  in  the  level  of  the  sea  and  produce  great  destruction  (p.  5  6  2). 

Again,  wind  blowing  freshly  across  a  lake  or  narrow  sea  drives  the 
water  before  it,  and  keeps  it  temporarily  at  a  higher  level  on  the  farther 
or  windward  side.  Where  a  strong  wind  blows  for  some  time  alotig  the 
length  of  a  long  lake,  the  rise  of  water-level  from  this  cause  may  allow 
the  waves  to  do  a  good  deal  of  destruction  to  earth-banks,  or  even  to 
walls  and  buildings.  In  vast  lakes  like  those  of  North  America,  the 
amount  of  waste  thus  caused  is  often  considerable.  In  a  tidal  sea,  stich  as 
that  which  surrounds  G-reat  Britain,  and  which  sends  almndant  long  arms 
into  the  land,  a  high  tide  and  a  gale  are  sometimes  synchronous.  This 
conjunction  makes  the  high  tide  rise  to  a  greater  height  than  elscwluu’e 
in  those  hays  or  firths  which  look  windward,  occasionally  causing  consider¬ 
able  damage  to  property  by  the  flooding  of  warehouses  and  stores,  with 
even  a  sensible  destruction  of  cliffs  and  sweeping  away  of  loose  materials. 
On  the  other  hand,  a  wind  from  the  opposite  quarter  coincident  with  an 
ebb  tide,  by  driving  the  water  out  of  an  iidet,  makes  the  water-level  lower 
than  it  would  otherwise  be.  In  inland  seas  where  tides  are  small  or  im¬ 
perceptible,  and  on  large  fresh- water  lakes  (p.  522),  considerable  oscilla¬ 
tions  of  water-level  may  arise  from  the  action  of  the  wind.  At  Naples, 
for  example,  a  long-continued  south-west  wind  raises  the  level  of  the  water* 
several  inches.  Great  destruction  is  sometimes  caused  by  the  rise  of  sea- 
level  during  cyclones  (p.  5G2). 

2.  Ocean  Currents. — These  are  mainly  dependent  for  their  existeJice 
and  direction  on  the  circulation  of  the  atmosphere.  The  in-streaming  of 
air  from  cooler  latitudes  towards  the  equator  causes  a  drift  of  the  sea¬ 
water  in  the  same  direction.  As,  owing  to  the  rotation  of  the  earth, 
these  aerial  currents  tend  to  take  a  more  and  more  westerly  trend  in 
approaching  the  equator,  they  communicate  this  trend  to  the  marine 
currents,  which,  likewise  moving  into  regions  with  a  greater  velocity  of 

^  On  efflorescence  of  Great  Salt  Lake  region,  see  ExNonaion  of  ^Olk  Parallel,  i.  sect.  v. 
Consult  also  E.  Tietze,  “Eiitstehung  der  Salzsteppen,  ”  Jahrh.  (Jed.  Iteichmad.  1877  ;  and 
H.  le  Cliatelier  on  tlie  salt-crusts  of  Algeria,  Coviptes  rend.  Ixxxiv.  p. ‘SOei. 

^  S.  Giinther,  “  LiiMruckschwankungeii  in  ilirein  Einliusse  auf  die  festen  iind  iliissjgen 
Bestandtlieile  der  Erdoberflache,”  derlauxVs  Bdtrllge  Geophi/s.  ii.  p.  7l. 
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riii.iiiun  th:ui  shrir  mui.  ;ii'c  all  lin‘  iiinrii  inijicHi'il  in  tin-  .sniiin  ut'.lcrlv 
(lirrcliMi).  lii'iH'n  the  .li.ininant  i-iiiti'hI  u  liich  (Iow.h  « cht  «.ir<l 

lilt*  urt*nt  ttct-an.  iitiut'vt'r,  id  liu*  |Ktsili(tn  <jf  tiuM’diiI  int'nls 

aiTdNs  ii  -  [latii,  ilii  .  I’lH  cfiit  faiiniil  iiium*,  iminti*rt'n(ilc(lls'  rminil  tin* 

i-arlh.  h  i- >[ili!  inn.  -i  h  iiicli  I iini  It.  riiiiil  and  left,  ami.  Iialliiii” 

tit.*  dinivs  t.f  till-  lami,  farry  time  nf  lilt*  Uiinnlii  nf  lilt*  lr..|(ifs  into  im.iv' 
inniiH'i-ait*  laliindf..,  h’.-iuni  fiiir.-nlM  aia  tlnm  yfiifratt-.i  frimi  .'ddl.T 
laiilinir'  iiiuani-  ilit-  i'i|naliir  i[.,  .'t.'i,'.). 

iin|inlH(*  Ilf  tin*  wiml  upi.n  a,  siirfafc  ..f  \valt*r  tlirmvH 
tiiat  .-^ui  f'.tfi*  inid  jiiiltali.iii.s  svltii*!i  ranyi*  in  wi/.i*  IVnni  ini.n*  ripjiifii  In  hnyi* 
liilidHs  I.nny  fniiiinucd  -iali'M  frnni  tin*  Haavvanl  U|i<.n  an  csihmciI  fna'.Ht 
intliiffllv  .■l!'.*il  nin.'li  .i.'..| riifi i.,ii,  l,y  tlm  I'dnnitlal.li*  l.athTy  nf  l.illdw.*. 

liliit-h  limy  iiiiiiy  In  l.i-ar  n|inn  ih.*  lami  f|»,  hi]").  Wavn  aciinn  ii 
wisi*  Hi'fii  in  a  in.irkftl  inanmT  wlicn  (vimi  l.lniv.s  hti’niiyly  jictimh  a  l.rnatl 
inlami  'll.*.-)  nf  Halnr,  -iiflt  an  Lake  .Siijicrinr  (ji.  .'ifi.'t). 

.Suction  11.  Water. 

I  If  all  tin*  Ii’jl'f'.tria!  aj'i'iit  i  hy  tthicli  tin*  .Hinl'afi*  nf  tin*  (•;iilli  ia 
nnnlnyii-.iily  iiintiilifil,  l.y  far  the  niiiHt  ini|(dit;inl  in  aatfi*.  W'c  Ii;n.* 

alnwh'  ■n.-n.  «h«*li  fnll.nviiin  liyj.nn.'lii*  rliaiiyrc.H.  hmv  laryt*  a  ali.m*  it 
l:jki<n  iiy  water  in  ilte  iihctiniiieiia  nf  tnlraiini'M  ami  in  ni her  anlilerranean 
;.rn..*-m-,  l.‘etnrmn.r  m  (!„.  .nirfaeu  nf  il,,*  earth  ami  vvalehin.'  the 

njieiatinn ■  nl^  the  alimwjihere,  vve  uni.n  learn  liinv  impni'ljuil.  it  [tail.  nl 
till*  e  i.*  n  faiiietl  hy  the  :i<|i|.*nn!t  ta|Ktur  that,  {lervade..,  the  alnin.'i|(here. 

'Fite  'linfani'e  «hieh  we  term  water  e\,t:,tM  (111  the  earth  in  three  well 
ktinwii  fnriu..  Il  t^piienm,,  a>  int  inilile  ta|Miiir  :  CJ)  litjuiil,  .an  water;  ;imi 
CW  -nlid,  .IH  i.'e,  'I'iie  na.-entli  fnrin  liaM  already  been  nntieed  a.M  line  nf 

the  elmiaeteiiMie  iii^reiiientH  nt  the  at tmwi.here’ t j »,  ;S7t,  Vail  ijiianlilie-i 
nf  tajH.iir  are  emit iniiaitr  ri-diij,'  fn.in  tin*  .Hiirfaee  nf  the  •.e;ei,  livei...  lakea, 
Minw  liei.li.,  ami  pk.eiet-M  nf  tfie  Hnrhi.  'Flii.i  Viljinitr  reimiin.H  iilviMil.le 
ninii  the  air  eniitailiinn  it  ia  ennied  dnwii  lielnw  itn  dew  |inint,  nr  |inilil  nf 
sit nr.it inn.  a  re.iiilt  tthieh  fnllnWM  H|,n||  the  llidnii  nr  enlli«iuii  nf  twn 
aerial  enrrent.1  nf  dillerenf  lemj.emlnreH,  nr  the  ri'ie  nf  the  air  iiitn  the 
ni.per  eni.i  re^iniei  nf  llm  atmn.Hjihere.  where  i!  in  ehilled  In*  ei.lmn^i.111, 
hy  ladiafiMii,  nr  l.y  enniae!,  with  e.,ld  mmintainH.  < 'nndenm'tinn  a|ii.earH 
nidy  In  take  idare  nil  free  mil  f.aeeN,  ami  the  tnrmafinit  nf  elniid  and  mi**l 
i.H  .■’.jihuiied  l.y  rnmi..|„alinn  itptiti  lile  fine  lniern,.,en|(ie  .|m.j  nf  «  hieh  llle 
aitmw(.heie  i.,  fuil.i  At  fimt  mimit.e  pai-liele  .  nf  water  V,.,,niir  ant, ear, 
whieh  either  rwmdnjn  the  jiiji.id  ennditinn,  m,  if  the  lempetainre  il 
mitlirmiilly  !nw,  an*  fm/en  inf.,  i.*e,  ,\ifhe:..*  I'haimeM  t.iK,*  |,ta,*e  met 

e.nimdeivihle  .^jM,•e..,  nf  1  he  hIvV,  they  ^iu*  ri.ie  tn  th,*  phem.mena  nf  ei,.n,F-„ 
iMiither  enmlemsitinii  anj-inent.i  the  id/,*  nf  tin.  ..inml  j,.'irti,  |ei,  am|  ;,i  |a,,| 
they  fall  In  the  .mrfai'e  nf  the  e.iiih,  if  .till  li.juid,  a  .  . 

hiinw  nr  hail:  ami  if  parllv  tnjid  ami  patlly  li-jimi,  a.  ,d.*ef,  'the 

%:n»nnr  is  largely  raia-d  frnin  the  e«ii  imtfa.'e,  in  j,i,.ai  n.ea  ni<*  ii  f;d!,, 

^  ni4*l  r#. .  1^7;^  p  pf.,  \piir.  /%■  ,,  /  . 

I  rtiiil  I^PI.  '  ■  ’  ' 
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back  again  directly  into  the  ocean.  A  considerable  proportion,  however, 
descends  upon  the  land,  and  it  is  this  part  of  the  condensed  vapour  which 
we  have  now  to  follow.  Upon  the  higher  elevations  it  falls  as  snow,  and 
gathers  there  into  snow-fields,  which,  by  means  of  glaciers,  send  their 
drainage  towards  the  valleys  and  plains.  Elsewhere  it  falls  chiefly  as 
rain,  some  of  which  sinks  underground  to  gush  forth  again  in  sjirings, 
while  the  rest  pours  down  the  slopes  of  the  land,  swelling  the  brooks  and 
torrents  which,  fed  both  by  springs  and  rains,  gather  into  broader  and  yet 
broader  rivers  that  bear  the  accumulated  drainage  of  the  land  out  to  sea. 
Thence  once  more  the  vapour  rises,  condensing  into  clouds  and  i*ain  to 
feed  the  innumerable  water-channels  by  which  the  land  is  furrowed  from 
mountain-top  to  seashore.^ 

In  this  vast  system  of  circulation,  ceaselessly  renewed,  there  is  not 
a  drop  of  water  that  is  not  busy  with  its  allotted  task  of  changing  the 
face  of  the  earth.  When  the  vapour  ascends  into  the  air,  it  is  com¬ 
paratively  speaking  chemically  pure.  But  when,  after  being  condensed 
into  visible  form,  and  working  its  way  over  or  under  the  surface  of  the 
land,  it  once  more  enters  the  sea,  it  is  no  longer  pure,  ])Ut  more  or  -  less 
loaded  with  material  taken  by  it  out  of  the  air,  rocks  or  soils  through 
which  it  has  travelled.  Day  by  day  the  process  is  advancing.  So  far 
as  we  can  tell,  it  has  never  ceased  since  the  first  shower  of  rain  fell 
upon  the  earth.  We  may  well  believe,  therefore,  that  it  must  have 
worked  marvels  upon  the  surface  of  our  planet  in  past  time,  and  that  it 
may  effect  vast  transformations  in  the  future.  As  a  foundation  for  such 
a  belief  let  us  now  inquire  what  it  can  be  proved  to  be  doing  at  the 
present  time. 

§  1.  Eain. 

Eain  effects  two  kinds  of  changes,  upon  the  surface  of  the  land.  (1) 
It  acts  chemically  upon  soils  and  stones,  and,  sinking  under  gi'ound, 
continues,  as  we  shall  find,  a  great  series  of  similar  reactions  there.  (2) 
It  acts  mechanically,  by  washing  away  loose  materials,  and  thus  power¬ 
fully  affecting  the  contours  of  the  land. 

1.  Chemical  Action. — This  depends  mainly  upon  the  nature  and 
proportion  of  the  substances  abstracted  by  rain  from  the  air  in  its 
descent  to  the  earth.  Eain  absorbs  a  little  air,  which  always  contoins 
carbonic  acid  as  well  as  other  ingredients,  in  addition  to  its  nitrogen 
and  oxygen  (p.  37).  Eain  thus  washes  the  air  and  takes  impurities 
out  of  it,  by  means  of  which  it  is  enabled  to  work  many  chemical  changes 
that  it  could  not  accomplish  were  it  to  reach  the  ground  as  pure  water. 

Composition  of  Eain- water. — Numerous  analyses  of  rain-water 
show  that  it  contains  in  solution  about  25  cubic  centimetres  of  gases 
per  litre.2  An  average  proportional  percentage  is  by  measure — nitrogen, 

^  For  estimates  of  the  distribution  of  rain  over  the  globe,  see  Murray,  Scottish  GeoL  Mag. 
1887  ;  Supan,  Petermann.  Mitthe.il.  Erglinzungsheft,  No.  124,  1898. 

-  Baumert,  Ann.  Qheftn.  Pliarm.  Ixxxviii.  p.  17.  The  proportion  of  carbonic  acid  found 
by  Peligot  was  2*4.  See  also  Bunsen,  op.  cit.  xciii,  p.  20  ;  Roth,  ‘Chera.  Geol.*  i.  p.  44  ; 
Angus  Smith,  ‘  Air  and  Rain,’  1872,  p.  225. 
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Oi'iT  ;  oxygen,  33 *75;  carbonic  acid,  I'TT.  Carlioiiic  acid  being  more 
soluble  than  the  other  gases,  is  contained  in  rain-water  in  proportions 
between  30  and  40  times  greater  than  in  the  atmosphere.  Oxygen,  too, 
is  more  soluble  than  nitrogen.  These  diiferences  acquire  a  considerable 
importance  in  the  clieinical  operations  of  rain.  Other  substances  are 
present  in  smaller  quantities.  In  England  there  is  an  average  of  3 ’9 5 
parts  of  solid  impurity  in  100,000  parts  of  rain.^  Nitric  acid  sometimes 
occurs  in  marked  proportions  :  at  Bide  it  was  found  to  reach  a  maximum 
of  13 ’6  parts  in  a  million,  with  20*1  ^jarts  of  nitrate  of  ammonia.- 
Sulphuric  acid  likewise  occurs,  especially  in  the  rain  of  towns  and 
manufacturing  districts.*’  Sulphates  of  the  alhalies  and  alkaline  earths 
have  been  detected  in  rain.  But  the  most  ahunclant  salt  is  chloride  of 
sodium,  which  appears  in  marked  proportions  on  coasts,  as  well  as  in 
the  rain  of  towns  and  industrial  districts.  Rain  taken  at  the  Land’s 
End  in  Cornwall  during  a  strong  south-west  wind  was  found  to  contain 
2*1 80  of  chlorine,  or  3*591  parts  of  common  salt,  in  every  10,000  of 
rain.  The  mean  propoi-tion  of  chlorine  over  England  is  about  0*022  in 
every  10,000  parts  of  rain;  at  Ootacamuiid  0'003  to  0*004.*^ 

In  washing  the  air,  rain  carries  down  also  inorganic  particles  or 
motes  floating  there ;  likewise  organic  dust  and  living  gei*ms.'''  As  the 
result  of  this  process  the  soil  conies  to  be  not  merely  watered  hut 
fertilised  l)y  the  rain.  Angus  Smith  cites  the  experience  of  J.  J.  Pierre, 
who  found  Ijy  analysis  that  in  the  neighbourhood  of  Caen,  in  France, 
a  hectare  of  land  receives  annually  from  the  atmosphere  hy  means 
of  rain :  — 


’  FotLnClon  (Jimmisshni,  Qth  Itcp.  p.  ‘-49. 

-  Oil  tlie  influence  of  nitrification,  see  MuntJ!:,  (Jomjif.  reiid.  c.\’.  (1890),  p.  1S70. 

•'  Tlio  oceiirreiici*  of  .sulpliuric  and  iiitrii-  jxciiLs  in  the  air,  espeeially  iioticeahle  in  larg-e 
towns,  leads  to  considerable  corro.sioii  of  metallic  surfaces,  as  well  a.s  of  stone  and  lime. 
The  mortar  of  walls  may  often  be  observed  to  l)e  .slowly  swelling  out  and  dropping  off, 
owing  to  the  conversion  of  the  lime  into  .sulphate,  tlreat  injury  is  likewise  done,  from  a 
similar  cause,  to  marble  monuments  in  e^:i)0sed  graveyards.  See  Angu.s  Smith,  “Air  and 
Eaiii,’  p.  444.  A.  (1.,  P/v/o.  iio//.  A'nc.  AkUn,  1879-80,  p.  518. 

Aligns  Smith,  “Air  and  Rain.’  liityrs  Fall-idmi  Co/ii/jiussiiui,  (ifh  1874,  p.  425. 
During  a  westerly  gale  on  the  Atlantic  coasts  of  Britain,  when  the  .sea  i.s  white  with  foam, 
the  air,  elsewhere  clear,  may  he  .seen  to  l>e  quite  misty  alongshore  from  tlie  clouds  of  fine 
spray  swept  liy  the  wind  from  the  cre.st.s  of  the  breakers.  Tliis  salt-water  diust  is  borne 
far  inland.  From  the  iiive.stigatioiis  carried  on  at  the  Agricultural  Laboratory,  Rotham.sted, 
it  appeal's  that  the  average  proportion  of  diloriue  is  2*01  per  million  parts  of  rain,  whieli 
in  a  rainfall  of  31*55  inches  is  equal  to  a  discharge  of  24  lbs.  of  pure  sodium  cliloride  per 
acre.  At  Cirencester,  where  the  rainfall  is  88*31  inches,  the  proportion  of  chlorine  is  3*25 
per  million,  which  is  equivalent  to  40*3  lbs.  of  sodium  chloride  per  acre.  R.  VVarington, 
Journ.  Chem.  Sue,  1887,  p.  502. 

^  Among  the  inorganic  contents  of  rain  and  snow*,  tine  terrestrial  dust  and  spherules  of 
iron,  probably  in  part  of  cosmic  origin,  have  been  specially  noted.  See  authorities  eit('d 
ante,  p.  93  ;  A.  von  Lasanlx  and  C.  Al)l)e,  as  cited  on  ii.  445.  On  the  geological  .significance 
of  cosmic  materials  that  fall  to  the  earth’s  surface,  .see  A.  E.  JVorden.skjdld,  ‘Studieroch 
Forskniiigar  Fciraiiledda  af  niina  Eesor  i  Hoga  Korden,’  Stockholm,  1883.  The  (Ugariic 
matter  of  rain  is  revealed  by  the  piitricl  .smell  which  loiig-kepd  rain-water  give.s  out. 

®  Angus  Smith,  ‘Air  and  .Rain,’  p.  233. 
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potash . 
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. ,  lime . 

5*2 

magnesia  .  .  .  .  • 

5*9 

Not  only  rain,  but  also  dew  and  hoar-frost 

abstract  impurities 

the  atmosphere.  The  analyses  performed  by  the  liivers  Pollution 
Commission  show  that  dew  and  hoar-frost,  condensing  fronci  the  lower 
and  more  impure  layers  of  the  air,  are  even  more  contaminated  than 
'rain,  as  they  contain  on  an  average  in  England  4- -87  parts  of  solid 
impurity  in  100,000  parts,  with  0*198  of  ammonia.^ 

It  is  manifest  that  rain  reaches  the  surface  by  no  means  chemically 
pure  water,  but  having  absorbed  from  the  air  various  ingredients  which 
enable  it  to  accomplish  a  series  of  chemical  changes  in  rocks  and  soils. 
So  far  as  we  know  at  present,  the  three  ingredients  which  are  chiefly 
effective  in  these  operations  are  oxygen,  carbonic  acid  and  organic 
matter.  As  soon  as  it  touches  the  earth,  however,  rain-water  begins  to 
absorb  additional  impurities,  notably  increasing  its  proportion  of  carbonic 
acid  and  of  organic  matteiy  from  decomposiFig  animals  and  plants. 
Among  the  organic  products  most  efficacious  in  promoting  the  corrosion 
of  minerals  and  rocks  are  the  so-called  ulmic  or  humous  substances  that 
form  with  alkalies  and  alkaline  earths  soluble  compounds,  which  are 
eventually  converted  into  carbonates.”  Hence  as  rain-water,  alroa<ly 
armed  with  gases  absorbed  from  the  atmosphere,  proceeds  to  take  up 
these  organic  acids  from  the  soil,  it  is  endowed  with  considerable 
chemical  activity  even  at  the  very  beginning  of  its  geological  career. 

Chemical  and  mincralogical  changes  due  to  Rain-water.— 
In  previous  pages,  it  was  pointed  out  that  all  rocks  and  miiierals  are, 
in  varying  degrees,  porous  and  permeable  by  water,  that  ])r(>bably  no 
known  substance  can,  under  all  conditions,  resist  solution  in  water,  and 
that  the  subsequent  solvent  power  of  water  is  greatly  increased  by  the 
solutions  which  it  effects  and  carries  with  it  in  its  progress  through 
rocks  (pp.  410,  411).  The  chemical  work  done  by  rain  may  1)6  con¬ 
veniently  considered  under  the  five  heads  of  Oxidation,  Deoxidation, 
'Solution,  Formation  of  Carbonates,  and  Hydration. 

1 .  Oxidation. — The  prominence  of  oxygen  in  rain-water,  and  its  readiiu^ss 
to  unite  with  any  substance  that  can  contain  more  of  it,  render  oxidation 
a  marked  ‘feature  of  the  passage  of  rain  over  rocks.  A  thin  oxidiHCcl 
pellicle  is  formed  on  the  surface,  and  this,  if  not  at  once  washed  off,  is 
thickened  from  inside  until  a  crust  is  formed  over  the  stone,  while  at 
the  same  time  the  common  dark  green  or  black  colour  of  the  original 
rock  changes  into  a  yellowish,  brownish,  or  reddish  hue.  This  process 

^  Rivers  Foliation  Qo7)wiission,  6th  Rep.  p.  32. 

2  Senft,  Z.  Deatsch.  Oeol.  Ges.  xxiii.  p.  (j65,  xxvi.  p,  954.  This  subject  has  been  well 
treated  in  a  paper  by  A.  A.  Julieii,  “On  the  Geological  Action  of  the  Humus  Acids’" 
{Ptoc.  Amer.  Assoc,  xxviii.  1879,  p.  311),  to  wliieh  further  reference  is  made  in  later  pages. 
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is  simjjly  a  rusting  of  those  ingredients  which,  like  metallic  iron,  have 
no  oxygen,  or  have  not  their  full  complement  of  it.  The  ferrous  and 
manganous  oxides  so  frequently  found  as  constituents  of  minerals  are 
specially  liable  to  this  change.  In  hornblende  and  augite,  for  example, 
one  cause  of  weathering  is  the  absorption  of  oxygen  by  the  iron  and 
the  hydration  of  the  resultant  peroxide.  Hence  the  yellow  and  brown 
sand  into  which  rocks  abounding  in  these  minerals  are  apt  to  weather. 
Sulphides  of  the  metals  give  rise  to  sulphates,  and  sometimes  to  the 
liberation  of  free  sulphuric  acid.  Iron  disulphide,  for  example,  becomes 
copperas,  which  on  oxidation  of  the  iron  gives  a  precipitate  of  limonite, 
with  the  escape  of  free  sulphuric  acid.-^ 

2.  Deoxidation. — Eain  becomes  a  reducing  agent  by  absorbing  from 
the  atmosphere  and  soil  oiganic  matter  which,  having  an  affinity  for 
oxygen,  decomposes  peroxides  and  reduces  them  to  protoxides.  This 
change  is  especially  noticeable  among  iron-oxides,  as  in  the  familiar  white 
spots  and  veinings  so  common  among  red  sandstones.  These  rocks  are 
stained  red  by  ferric  oxide  (hiematite),  which,  reduced  1)y  decaying 
organic  matter  to  ferrous  oxide,  is  usually  removed  in  solution  as  an 
organic  salt  or  a  carbonate.  When  the  deoxidation  takes  place  round 
a  fragment  of  plant  or  animal,  it  usually  extends  as  a  circular  spot  ; 
where  water  containing  the  organic  matter  permeates  along  a  joint  or 
other  divisional  plane,  the  decoloration  follows  that  line.  Another 
common  effect  of  the  presence  of  organic  matter  is  the  reduction  of 
sulphates  to  the  state  of  sulphides.  Gypsum  is  thus  decomposed  into 
sulphide  of  calcium,  which  in  water  readily,  gives  calcium  carbonate 
and  sulphuretted  hydrogen,  and  the  latter  by  oxidation  leaves  a  deposit 
of  sulphur.  Hence  from  original  beds  of  gypsum,  layers  of  limestone 
and  sulphur  have  been  formed,  as  in  Sicily  and  elsewhere  (p.  93).- 

3.  Solution. — A  few  minerals  (halite,  for  example)  are  readily  sohil)l() 
in  water  without  chemical  change,  and  without  tlie  aid  of  any  inter¬ 
mediate  element;  hence  the  copious  brine-springs  of  salt  regions.  In 
the  great  majority  of  cases,  however,  solution  is  effected  tlirough  the 
medium  of  carbonic  acid  or  other  reagent.  Jjimestonc  is  soluble  to  the 
extent  of  about  1  part  in  1000  of  water  saturated  with  carbonic  acid. 
The  solution  and  removal  of  lime  from  the  mortar  of  a  bridge  or  vault, 
and  the  deposit  of  the  material  so  removed  in  stalactites  and  stalagmites 
(pp.  191,  475),  likewise  the  rapid  effacement  of  marble  epitaphs  in  our 
churchyards,  are  instances  of  this  solution.  It  has  been  shown  that  in  the 
atmosphere  of  a  laige  town,  with  abundant  coal-smoke  and  rain,  ex])osed 
inscriptions  on  marble  become  illegible  in  half  a  century.  Pfaff  deter¬ 
mined  that  a  slab  of  Solenhofen  limestone,  2520  square  millimetres 
in  superficies,  lost  in  two  years,  by  the  solvent  action  of  rain,  0T80 
gramme  in  weight,  in  three  years  0‘548,  the  original  polish  being 
replaced  by  a  dull .  earthy  surface  on  which  fine  cracks  and  incipient 
exfoliation  began  to  appear.  Taking  the  specific  gravity  of  the  stone  at 

^  The  decomposition  of  iron -pyrites  has  1)6011  the  subject  of  detailed  study  by  A.  A. 
Julien,  Ann.  Neiv  Yor?c  Acad.  Sci.  vol.  iii.  pp.  365-404  ;  iv.  jip.  125-224. 

The  reducing  action  of  organic  acids  is  further  descri])ed  in  Section  iii.  ]>.  598. 
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2*6,  the  yearly  loss  of  surface  amounts  to  ---.hv  millimetre,  so  that  a  crag 
of  such  limestone  would  be  lowered  1  metre  in  72,800  years  by  the 
solvent  action  of  raind  J.  G.  Goodchild,  from  observations  of  dressed- 
surfaces  of  Carboniferous  limestone  in  the  north  of  England,  has  inferred 
that  these  surfaces  have  been  lowered  at  rates  varying  from  one  inch 
in  240  years  to  the  same  amount  in  500  years.-  Dolomite  is  much 
more  feebly  soluble  than  limestone.  As  rain-water  attacks  the  carljonate 
of  lime  more  readily  than  the  carbonate  of  magnesia,  the  rock  is  apt  to 
acquire  a  somewhat  porous  or  carious  texture,  with  a  corresponding 
increase  in  the  proportion  of  its  magnesian  carbonate.  Eventuality  the 
latter  carbonate  is  dissolved  and  re-deposited  in  the  pores  of  the  rock, 
which  then  assumes  a  characteristic  crystalline  aspect.  Among  the 
sulphates,  g\’-psum  is  the  most  important  example  of  solution.  It  is 
dissolved  in  the  proportion  of  about  1  part  in  400  parts  of  water. 
Even  silica  is  abstracted  from  rocks  by  natural  waters.'^ 

4.  Forniation  of  Carhonatc^. — Silicates  of  lime,  })Otash,  and  soda,  with 
the  ferrous  and  manganous  silicates  which  exist  so  a])undantl\"  in  rocks, 
are  attacked  by  rain-water  containing  carbonic  acid,  with  the  formation 
of  carbonates  of  these  leases  and  the  liberation  of  silica.  The  felsjiars 
are  thus  decomposed.  Their  crystals  lose  their  lustre  and  colour, 
becoming  dull  and  earthy^  on  the  outside,  and  the  change  advances 
inwards  until  the  whole  substance  is  converted  into  a  soft  pulverulent 
clay.  In  this  decomposition  the  whole  of  the  alkali,  together  with 
about  two-thirds  of  the  silica,  is  removed,  leaving  a  hydrous  aluminous 
silicate  or  kaolin  behind.  But  the  rapidity  and  completeness  of  the 
process  vary  greatly,  especially  in  proportion  to  the  abundance  of 
carbonic  acid  Where  it  advances  with  suflicient  slowness,  most  of  the 
silica,  after  the  abstraction  of  the  alkali,  may  be  left  behind.  In  the 
case  of  magnesian  minerals  (augite,  hornblende,  olivine,  &c.)  the 
silicates  of  magnesia  and  alumina,  being  less  soluble,  may  remain  as  a 
dark  brown  or  yellow  clay,  coloured  by  the  oxidation  of  the  iron,  while 
the  lime  and  alkalies  are  removed.*^  Evidence  of  the  progress  of  these 
changes  may  be  obtained  even  for  some  distance  from  the  surface  in 
many  massive  rocks.  Diabase,  basalt,  diorite,  and  other  crystalline 
rocks,  which  may  appear  to  be  ([uite  fresh,  will  often  reveal,  by  the 
effervescence  produced  when  acid  is  dropped  on  their  newly  broken  and 
seemingly  undecomposed  surfaces,  that  their  silicates  have  been  attacked 
by  meteoric  water  and  have  been  partially  converted  into  carbonates.*'* 

.  .  5.  Hydration.  —  Some  anhydrous  minerals,  when  exposed  to  the 

1  Pfaff,  Z.  DeutscJi.  GcoL  (Jes.  xxiv.  ]j.  405;  and  ‘Allgeiueine  Geoloj,de  als  exacte 
Wissenscliaft,’  p.  317.  Roth,  ‘Allgeineine  nud  Cliem.  Geol.’  i.  p.  70.  A.  G.,  Proc.  Ro//. 
Soc.  Ediii.  X.  1879-80,  p.  518.  Geol.  May.  1890,  ]i.  460. 

^  On  the  solution  of  silica  under  atmosplieric  conditions,  see  C.  W.  Hayes,  Jiall.  Ana','. 
Oeol.  Soc.  viii.  (1897),  pp.  213-220. 

Roth,  op.  cit.  i.  p.  112. 

R.  Miiller,  investigating  the  corrosive  influences  of  carbonated  water  upon  minerals 
and  rocks,  has  shown  that  even  in  seven  weeks  so  nuich  mineral  matter  is  dissolved  as 
to  be  capable  of  being  quantitatively  determined.  TscLennaYs  Mittheil.  1897. 
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action  of  the  atmosphere,  ahsorl>  water  (heconie  hydrous),  and  may  then 
be  more  prone  to  further  change.  Anlijulrite  becomes,  by  addition  of 
water,  gypsum,  the  change  being  accompanied  by  an  increase  of  bulk 
to  the  extent  of  about  33  per  cent.  Local  uplifts  of  the  ground  and 
crumpling  or  fracture  of  rocks  may  sometimes  be  caused  by  the  hydration 
of  subterranean  beds  of  anhydrite  (p.  400).  Many  substances  on  oxidising 
likewise  become  hydrous.  The  oxidation  of  ferrous  oxide  in  damp  air 
gives  rise  to  hydrous  ferric  oxide,  with  its  characteristic  yellow  and 
brown  colours  on  weathered  surfaces. 

AVeathering. — This  term  expresses  the  general  result  of  all  kinds 
of  meteoric  action  upon  the  superficial  parts  of  rocks.  As  these  changes 
almost  invariably  lead  to  disintegration  of  the  surface,  the  word  weather¬ 
ing  has  come  to  he  naturally  associated  in  the  mind  with  a  loosened, 
crumbling  condition  of  stone.  But  the  influence  of  the  atmospheric 
agents  is  not  invariably  to  destroy  the  coherence  of  the  integral  particles 
of  rocks.  In  some  cases,  stones  harden  on  exposiu*e.  Certain  sandy 
rocks,  for  example,  like  the  “grey  wethers”  (p.  1G5),  and  scattered 
Tertiary  blocks  in  the  Ardennes,  become  under  meteoric  influence  a 
kind  of  lustrous  quartzite.  In  other  cases  there  may  1)6  more  complex 
molecular  re-arrangements,  such  as  those  remarkable  transformations  to 
which  Brewster  first  called  attention  in  the  case  of  artificial  glass.  ^  He 
showed  that  in  thin  films  of  decomposed  glass,  obtained  from  Nineveh 
and  other  ancient  sites,  concentric  agate-like  rings  of  devitrification  arc 
formed  round  isolated  points,  closely  analogous  to  those  above  described 
as  artificially  produced  by  the  action  of  heated  alkaline  waters  (p.  411), 
and  that  groups  of  crystals  or  crystallites,  '^probably  of  silex,”  are 
developed  from  many  independent  points  in  the  decomposing  layer. 
Coloured  films  indicative  of  incipient  decomposition  have  been  observed 
on  surfaces  of  glass  exposed  only  to  the  air  of  the  atmosphere  for  twenty 
or  thirty  years.  Brilliantly  iridescent  films  have  been  produced  on  the 
glass  of  windows  exposed  for  not  more  than  twenty  years  to  the  air 
and  ammoniacal  vapours  of  a  stable.-  That  similar  transformations  take 
place  in  the  natural  silicates  of  rocks  seems  in  the  highest  degree 
probable.  They  may  form  the  earliest  stages  of  the  change  to  the 
usual  opaque  earthly  decomposing  crust,  in  which,  of  course,  all  trace 
of  any  structure  developed  in  the  preliminary  weathering  is  lost.‘^ 

As  the  name  denotes,  weathering  is  dependent  on  meteorological  conditions,  and 
varies,  even  in  the  same  rock,  as  these  conditions  change,  but  is  likewise  almost 
infinitely  diversified  according  to  the  structure,  texture  and  composition  of  tho  rocks 
oil  which  it  acts."^  In  humid  and  temperate  climates,  it  is  mainly  due  to  the  comhined 


^  Trans.  Roy.  S'oe.  Edim.  xxii.  607;  xxiii.  193.  ant(\  p.  414. 

-  This  fact  was  observed  hy  lay  friend  the  late  Mr.  P.  Dudgeon,  of  Cargen,  in  an  ill- 
ventilated  cow-house,  and  I  have  seen  the  j dates  of  glass  removed  Irorn  the  windows.  The 
process  of  decay  in  glass  has  been  treated  of  in  great  detail  hy  Mr.  James  Fowler,  Trans. 
Soc.  Antiquaries,  xlvi.  (1879),  pp.  65-162. 

^  Reference  may  be  made  here  to  the  liquid  inclnsiou.*!  already  alluded  to  as  developed 
in  felspar  during  the  decomposition  of  gneiss,  ante,  p.  14.5. 

Mr.  G.  P.  Merrill  has  written  ably  on  the  subject  of  w’eathering.  Bee  his  “  Princ.iides 
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influence  of  rain  and  sunshine.  Saturated  with  rain-water,  which  dissolves  more  or 
less  of  any  soluble  constituents  that  may  be  present,  and  thereafter  exposed  to  the 
desiccating  and  expanding  influence  of  the  warm  rays  of  the  sun,  rock- surfaces  ar(.‘ 
disintegrated,  breaking  up  into  angular  fragments  or  crumbling  into  dust.^  In  high 
mountainous  situations,  as  well  as  in  lower  regions  where  the  temperature  falls  below 
the  freezing-point  in  winter,  weathering  is  in  large  measure  caused  by  the  action  of 
frost  (p.  581) ;  in  arid  lands  subject  to  great  and  rapid  alternations  of  temperature,  it 
may  be  mainly  due  to  the  strain  of  alternate  expansion  and  contraction,  and  the 
mechanical  action  of  the  wind  (p.  434  et  scq.)- 

Mere  hardness  or  softness  forms  no  sure  index  to  the  comparative  power  of  a  rock  to 
resist  weathering.  Many  granites,  for  instance,  weather  to  clay,  deep  into  their  mass, 
while  much  softer  limestones  retain  smooth,  hard  surfaces.  ISTor  is  the  depth  of  the 
weathered  surface  any  better  guide  to  the  relative  rapidity  of  waste.  A  tolerably  pure 
limestone  may  weather  with  little  or  no  crust,  and  yet  may  be  continually  losing  an 
appreciable  portion  of  its  surface  by  solution,  while  an  igneous  rock,  like  a  diorite  or 
])asalt,  may  be  encased  in  a  thick  decomposed  crust  and  weather  with  extreme  slowness. 
In  the  former  case,  the  substance  of  the  rock  being  removed  in  solution,  few  or  no 
insoluble  portions  are  left  to  mark  the'  progress  of  decay  ;  while  in  the  igneous  rock,  the 
removal  of  but  a  comparatively  small  proportion  causes  disintegration,  and  the  remain¬ 
ing  insoluble  parts  are  found  as  an  external  crust.  Impure  limestone,  however,  yields 
a  weathered  crust  of  more  or  less  insoluble  particles.  Hence,  as  we  have  already  scon 
(p.  110),  the  relative  purity  of  limestones  may  be  roughly  determined  from  their  weathered 
surfaces,  where,  if  they  contain  much  sand,  the  grains  will  be  seen  projecting  from  the 
calcareous  matrix ;  should  they  be  very  ferruginous,  the  yellow  hydrous  peroxide,  or 
ochre,  will  be  found  as  a  powdery  crust ;  or  if  they  be  fossiliferons,  they  will  commonly 
present  the  fossils  standing  out  in  relief.  An  experienced  fossil-collector  will  always 
carefully  search  weathered  surfaces  of  limestone,  for  he  often  finds  there,  delicately 
picked  out  by  the  weather,  minute  and  frail  fossils,  which  arc  wholly  invisible  on  the 
freshly  broken  stone.  This  difference  arises  from  the  crystalline  calcite  of  tlic  organic 
remains  being  less  soluble  than  the  more  granular  calcite  in  which  these  are  imbedded. 
Limestones  frequently  assume  a  remarkable  channelled  rugose  surface,  with  projecting 
knobs,  ridges  and  pinnacles  especially  developed  in  high  bare  tracts  of  ground 
(Karrenfelder).-  They  are  likewise  perforated  by  many  holes,  tunnels  and  cavernous 
spaces,  due  to  the  solvent  action  of  water  (p.  477). 

Rocks  liable  to  little  chemical  change  are  best  fitted  to  resist  weathering,  provided 
their  particles  have  sufficient  cohesion  to  withstand  the  mechanical  processes  of  dis¬ 
integration.*’  Siliceous  sandstones  offer  excellent  examples  of  this  permanence.  Con¬ 
sisting  mainly  of  the  durable  mineral  quartz,  they  are  sometimes  able  so  to  withstand 
decay,  that  buildings  made  of  them  still  retain,  after  the  lapse  of  centuries,  the  ehisel- 

of  Rock-Weatliering,” ^W.  iv.  (1896),  pp.  704-724,  850-870,  and  liis  volume,  ‘A 
Treatise  ou  Rocks,  Rock-Weathering  and  Soils,’  New  York,  1897,  pp.  xx.  411.  There  is 
also  a  valuable  paper  by  Mr.  I.  0.  Riissell  on  “  Siihaerial  Decay  of  Rocks  and  Origin  of  the 
Red  Colour  of  certain  Formations,”  B.  C,  K  G.  N.  No.  52  (1889),  with  a  good  ])ibliography  of 
the  subject.  Mr.  R.  S.  Tarr  has  pointed  out  the  proofs  of  the  comparative  ra[)i(Iity  of 
weathering  and  stream -erosion  in  Arctic  latitudes,  Amer.  Choi.  xix.  (1897),  p.  131. 

^  This  result  can  be  instructively  imitated  by  boiling  and  drying  shales  in  the  manner 
described  in  Book  V.  Sect.  vii.  for  the  search  for  fossils. 

-  Heim,  Jahrh.  St'lmelz.  xUpenchih^  xii.  (1878).  R.  Bell,  Bidl.  Qeol.  Soc.  Ainer.  vi. 
(1895),  p.  297.  On  the  rate  of  weathering  of  limestone,  see  J.  0.  Goodcliild,  Oeol. 

1875,  p.  326  ;  1890,  p.  463  ;  A.  G.,  Ptoc.  Roy.  Soc.  Edin.  x.  (1880),  p.  518. 

^  On  weathering  of  building-stones,  see  Julien,  Trans.  New  Tori  Acad.  Scl.  Jan.  1883. 
W.  Wallace,  Proc.  Phil.  Soc.  Glas.  xiv.  (1882-83),  p.  22.  Professor  C.  Lloyd  Morgan,  l^roc, 
Bristol  Nat.  Soc.  v.  (1886-87),  part  ii. 
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marks  of  tlie  Luilders.  Many  sandstones,  however,  contain  argil iaceoiis,  calcareous  or 
ferruginous  concretions  which  weather  more  rapidly  than  the  surrounding  rock,  and 


Fig.  92. — Wpathered  Saiulstonc  Cliffs  .showing  irregular  Honoycoiubing  aud  Wh'athuring  along 
planes  of  stratilication  (/».). 

cause  it  to  assume  a  honeycombed  surface  ;  others  are  full  of  a  diffused  cement  (clay, 
lime,  iron)  the  decay  of  which  makes  the  rock  crumble  down  into  sand.  In  sandstones, 
as  indeed  in  most  stratified  rocks,  there  is  a  tendency  towards  more  rapid  weathering 
along  the  2)laiies  of  stratification,  so  that  the  stratified  structure  is  brought  out  very 
clearly  on  natural  cliffs  (Fig.  92).  In  many  ferruginous  sandstones  and  clay  ironstones, 
successive  yellow  or  brown  zones  or  shells  may 
he  traced  inward  from  the  surface,  frequently  due 
to  changes  of  the  ferrous  carbonate  into  limonite, 
the  interior  remaining  still  fresh.  In  many  pris¬ 
matic  massive  rocks  (basalt,  diorite,  &c.),  segments 
of  the  prisms  weather  into  spheroids,  in  which 
successive  weathered  rings  form  crusts  like  the 
concentric  coats  of  an  onion  (Figs.  93,  94).  Where 
one  of  these  rocks  has  been  intruded  as  a  dyke,  it 
sometimes  decomposes  to  a  cou.siderable  de2)th  into 
a  mass  of  brown  ferruginous  balls  in  a  surrounding  sandy  matrix — tlie  whole  having 
at  first  a  resemblance  to  a  conglomerate  made  of  rolled  and  transported  fragments 
(Fig.  94). 

No  rock  presents  greater  variety  of  weathering  than  granite.^  Somt^  remarkably 
durable  kinds  only  yield  slowly  at  the  edges  of  the  joints,  the  separated  niaH.se.s 
gradually  assuming  the  form  of  rounded  blocks  like  water-worn  boulders.  Other  kinds 
decompose  to  a  dei>th  of  50  feet  or  more,  and  can  be  dug  out  with  a  spade.  In  Cornwall 
and  Devon,  the  kaolin  from  the  rotted  granite,  largely  extracted  for  pottery  pur[)ose.s, 
is  found  down  to  a  depth  of  occasionally  600  feet.  That  what  appears  to  be  mere  loose 
sand  and  clay  is  really  rock  decomposed  in  sUic,  is  proved  by  the  quartz  -  veins  and 
bands  of  schorl-rock  which  ascend  from  the  solid  rock  (a,  Fig.  96)  into  the  friable  jjart 
(b)j  and  by  the  entire  agreement  in  structure  between  the  two  portions.  Here  and 
there,  kernels  of  still  undeeomposed  granite  may  be  seen  (as  at  c  c  in  Fig.  97),  sur¬ 
rounded  by  thoroughly  decayed  material,  and,  like  the  solid  cores  of  Ijasalt  abov(5- 

^  See  a  discussion  of  this  subject  by  G.  P.  Merrill,  OfoL  Sor.  vi.  (1895),  p.  321. 


Fig.  94.— Spheroidal  AYeathering  of  JDolerite,  Korlli  Qiieeiisfcrry. 


lee  Age,  no  doubt  generally  originated  in  tins  way  (Figs.  163,  164).  Owing  to  its 
numerous  joints,  granite  occasionally  weathers  into  forms  that  resemble  ruined  walls. 
Large  slabs,  each  defined  by  joint  plains,  weather  out  one  above  another  like  tiers  of 

masonry  (Fig.  98),  until,  loosened  l)y  dis- 
ntegration,  they  slip  off  and  expose  lower 
parts  of  the  rock  to  the  same  influences. 
Here  and  there,  a  separate  block  becomes 
so  poised  that  it  may  be  readily  moved  to 
and  fro  by  the  hand,  as  in  the  so-called 
‘ ‘rocking- stones ”  of  granite  districts.  As 
the  disintegration  varies  with  local  differ¬ 
ences  in  durability,  some  portions  w'eather 
into  cavities,^  others  into  prominences, 
often  with  a  singularly  artificial  appearance, 
as  in  the  “rock  basins”  (Fig.  99)  and  “tors” 
(Fig.  98)  of  the  south-west  of  England.  The  ruin-like  weathering  of  dolomite  gives 
rise  in  the  Cevennes  to  some  singularly  picturesque  scenery. 

To  the  influence  of  weathering,  many  of  the  most  familiar  minor  contours  of  the 

^  All  interesting  case  of  the  cavernous  weatliering  of  granite  is  described  l)y  P.  Choffat, 
Otm.  D/rec,  Trcibal.  (Jcol,  Lisbon,  hi.  (1895),  p.  17. 


Fig.  95.— FeLsite  Dyke  weatlieriug  into  spheroids, 
Cornwall  (B.). 
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land  may  be  traced.  So  characteristic  are  these  Ibrms  for  particular  kind.s  of  rode,  that 
they  serve  as  a  means  of  recognising  them  even  from  a  distance.  (Book  YII.) 

In  countries  which  have  not  been  under  water  for  a  vast  lapse  of  time,  and  where 
c^onsecpiently  the  superficial  rocks  liave  been  continuously  exposed  to  subaerial  dis¬ 
integration,  thick  accumulations  of  “rotted  rock”  arc  found  on  the  surface.  The 


Fip;’.  UG. — Dt'poinposition  of  Oranitc.  a,  Solid  Fiji;.  97.— Dpconipositinu  of  Granite,  a,  Solid  ^van- 

f?ranitt‘;  decomposed  j^a-anito;  c,  ve^c-  ite;  ?>,  dei*oiupo.sed  ;  c,  c,  kernels  of  still 

table  soil.  niideeoinpos(‘d  granite. 


extent  of  this  change  is  soinctiihes  impressively  marked  in  areas  of  calcareous  rocks. 
Limestone  being  mostly  soluble,  its  surface  is  continually  dissolved  by  rain,  while  the 
insuhihle  portions  remain  behind  as  a  slowly  increasing  deposit.  In  regions  v.diich, 
posses.sing  the  necessary  conditions  of  climate,  have  been  for  a  long  period  iiiisuhinerged, 
tracts  of  limestone,  imxn-oteeted  by  glacial  or  other  accumulations,  are  found  to  be 


Fig.  98. — Weathering  of  Granite  into  “tors”  along  its  joints  (/t). 


covered  with  a  red  loam  or  earth.  This  eliaracteristic  layer  occurs  on  a  limited  .scale 
over  the  chalk  of  the  south-east  of  England,  where,  with  its  abundant  Hints,  it  lies  as 
the  nndissolved  feiTiigiiiotis  residue  of  the  chalk  that  lias  been  removed  to  a  depth  of 
many  yards.  It  occurs  likewise  in  swallow-holes  and  other  passages  dissolved  out  of 
calcareous  niasse.s,  and  forms  the  w'ell-known  red  earth  of  hone  caves.  In  south-eastern 


Fig.  99. —The  “Kettle  and  Pans,”  St.  .Mary,  Scilly  ;  cavities  weathered  out  of  Gi’anitc.  (i>,). 

Europe  it  i')lays  an  im])ortant  part  among  superficial  deposits,  being  e.xtensively 
developed  over  the  limestone  districts,  e.specially  in  Istria  and  Dalmatia,  where  it  is 
known  as  the  ferruginoas  red  earth  or  terra  ms'sa.^  It  is  seen  also  in  tlie  Later itc  of 

^  On  the  origin  of  “  Terra  Ros.sa,  ”  see  M.  Nemnayr,  Verkamll.  Uml.  lleirlmumt .  1875, 
p.  50;  Th.  Fiich.s,  ojg.  cit.  p.  194  ;  E.  von  llojsisovic.s,  Jahrh.  GeoL  Rrirlisaast,  .vxx.  (1880), 
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India, in  the  red  earth  of  Bermuda,-  and  in  the  red  residual  clays  and  earths  of  the 
southern  Appalachian  region  of  the  United  States.-’ 

Other  remarkable  examples  of  similar  suhaerial  waste  have  been  specially  noticed 
among  crystalline  schists  and  eruptive  rocks.  In  Braxil,  the  crystalline  rocks  arc  sfiid 
to  be  sometimes  decayed  to  a  depth  ot  more  than  300  feet.*^  In  Massachusetts, 
Pennsylvania,  and  generally  in  the  middle  and  southern  Atlantic  States  ot  hToi-tli 
America,  the  depth  of  disintegration  appears  gradually  to  increase  southward  from  the 
limits  where  the  country  has  been  ‘‘glaciated  ”  by  ice-sheets  during  the  Glacial  {)eri<»d.''’ 
In  Central  Asia,  a  similar  superheial  decay  has  been  observed.'*  Di*.  Sterry  Hunt  has 
specially  drawn  attention  to  the  gef)logical  importance  of  this  prolonged  disintegration 
in  situ.  Mr.  Pumpelly  points  out  that,  as  masses  of  decomposed  rock  may  be  observed 
to  a  depth  of  over  100  feet,  the  surface  of  the  still  solid  rock  underneath  presents  ri<lgos 
and  liollows,  succeeding  each  other  according  to  varying  durability  under  tin'  influence 
of  percolating  carbonated  water.  In  this  kind  of  weathering,  where  erosion  does  not 
come  into  play,  it  is  evident  that  the  resulting  topography  must,  in  some  important 
respects,  differ  from  that  of  an  ordinary  surface  of  sui>erfieial  denudation.  In  particular, 
rock-basins  may  be  gradually  eaten  out  of  the  solid  rock.  These  will  remain  full  of  the* 
decomposed  material,  but  any  suhseci[ueut  action,  such  as  that  of  glacier-ice,  wliich  could 
scoop  out  the  detritus,  would  leave  the  basins  and  their  intervening  ridges  ex])osed." 

Rate  of  Weathering. — Careful  measui’emeiits  are  niucli  needed 
of  the  rate  at  which  diiferent  kinds  of  rock  under  varying  climatic  con¬ 
ditions  yield  to  the  influences  of  the  weather.  Some  particulars  have  been 
given  above  (p.  451)  as  to  the  progrcvss  of  the  solution  of  the  surface  of 

p.  210;  E.  Tietze,  op.  cit.  xxx.  (1880),  p.  729  ;  Lorenz,  T'e/7e.  OW.  Jieichs.  1S81,  p.  81  ; 
C.  de  Georgi,  Jioll.  (Join,  (ied  Jted.  vii.  p.  294.  It  is  ineliided  among  the  ferrugiuoiis 
deposits  by  8toppani  (‘Corso  cli  Geologia,’ iii.  p.  .534).  See  also  W.  Si)rii)g,  JaJirh. 

1899,  i.  p.  47  ;  I.  C.  Russell,  L.  U.  S.  G.  S.  No.  52  (1889),  p.  44  ;  J.  Cornet,  JivN.  Eor. 
Belg.  Gml.  x.  (1896),  pp.  44-116.  \V.  0.  Croslty  has  discussed  the  contrast  in  colour  of  tin-; 
soils  in  high  and  low  latitudes,  Proc.  Boston  Soc.  Nat.  Hist,  xxiii.  p.  ‘219.  Neuma\T  slK*vv.s 
that  the  Terra  Rossa  is  of  various  ages ;  in  the  Karst  it  encloses  Miocene  manimalK. 

^  ‘A  Manual  of  the  Geology  of  Imlia,’  by  11,  B.  Medlieott  ami  W.  T.  Blanford  (1879 
chap.  XV. 

-  ‘The  Atlantic,’  by  Sir  Wyville  Thomson,  p.  293. 

I.  C.  Russell,  vt  supra. 

Liais,  ‘Geologie  du  Bresil,’ p.  2.  Ann.  Irs  Mines^  7nie  sfr,  viii.  p.  698.  'T.  Belt, 

‘Naturalist  in  Nicaragua’  (1874),  p.  86.  R.  Pumpelly,  Bull.  jlor.  Grot.  Amrr.  ii.  p.  210  ; 
J.  C.  Branner,  ihitl.  vii.  (1896),  j^p.  256,  295-300  ;  0.  A.  Derby,  Jmirn.  (Jeol.  (iv.  {189f))t 
pp.  529-540),  tlirows  doubt  on  the  great  depth  of  decay  said  to  he  general  in  Brazil.  T, 
Sterry  Hunt  (Amer.  Journ.  Sci.  3rd  ser.  vii.  p.  60;  xxvi.  (1883),  p.  196;  Geol.  Mwj. 
1883,  p.  310;  American  Natnralist,  ix.  (1875),  p.  471)  dwells  especially  on  the  great 
geological  antiquity  of  the  weatliered  crust.  On  the  secular  rock- weathering  of  the  Swedi.sii 
mountains,  see  Nathorst,  Oeol.  Fiiren.  StocDioha  Forhaad,  1879,  iv.  No.  13. 

I.  C.  Russell,  supra  cd.  ;  W.  0.  Crosby,  Pror.  Nat.  Hist.  JSci.  Boston.,  xxiii,  p.  219. 

On  a  smaller  scale  it  is  also  to  be  noted  in  the  granite  and  killas  (pliyllite)  of  Coniw'all 
and  Devon,  which,  not  having  suhered  from  the  abrading  action  of  The  ice  of  the  Glacial 
period,  show  a  deep  cover  of  rotted  rock,  and  afford  some  indication  of  what  may  have 
been  elsewhere  the  condition  of  Britain  before  the  period  of  glaciation.  The  sea-clitis  along 
the  north  coast  of  Cornwall  expose  iiistrnctive  .section.s  of  the  deep  upper  decomposed,  ami 
of  the  lower  blue  solid  killas,  with  the  remarkably  nuevcui  boundary  along  which  they  pas.s 
into  each  other. 

'  Pumpelly,  Amer.  Joanu  Sci.  3rd  ser.  xviii.  136;  L.  S.  Burbank,  Fr»c.  Bost.  Nat, 
Hist.  Soc.  xvi.  (1874),  part  ii.  p.  150  ;  alsp  jmsterf,  p.  552. 
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limestones,  but  we  require  detailed  investigation  of  the  net  results  of  all 
the  various  atmospheric  agencies  upon  faces  of  cliff  and  slope  composed 
of  all  kinds  of  rock,  both  stratified  and  unstratified.  Inquiries  of  this 
kind  might  well  be  organised  on  an  international  basis.  They  w’-ould 
furnish  some  more  jDrecise  indications  than  are  now  available  of  the  rate  of 
the  modern  denudation  of  a  land-surface,  and  would  afford  valuable  data 
for  estimates  of  the  value  of  geological  time.  As  an  example  of  the  kind 
of  observations  required,  reference  may  be  made  to  those  undertaken  by 
Prof.  G.  F.  AVright,  at  the  instance  of  the  New  York  Central  Railroad, 
with  a  view  to  ascertain  the  rate  at  which  the  lateral  walls  of  the  gorge 
of  Niagara  are  now  decaying  under  atmospheric  influences.  These  walls 
consist  of  shales  and  limestones  in  nearly  horizontal  sheets,  which  are 
fully  exposed  to  the  air.  It  appears  that  since  the  railway  was  built  in 
1854,  gradually  descending  along  the  face  of  the  gorge,  the  shales  have 
crumbled  away  in  some  places  .as  much  as  14  feet,  and  even  20  feet,  in 
fifty-five  years.  The  average  rate  of  recession  of  these  great  cliffs  is 
computed  to  be  as  much  as  an  inch  and  a  half  annually.  Hence  in  com¬ 
puting  the  age  of  the  gorge  as  the  result  of  river-erosion  (p.  500),  we 
must  also  take  into  account  the  subsequent  widening  of  the  defile  by  the 
continual  decay  and  recession  of  the  walls. ^ 

Formation  of  Soil. — On  level  surfaces  of  rock  the  weathered  crust 
may  remain  with  comparatively  little  re-arrangement  until  plants  take 
root  on  it,  and  by  their  decay  supply  organic  matter  to  the  decomposed 
layer,  which  eventually  becomes  what  we  term  “vegetable  soil.” 
Animals  also  furnish  a  smaller  proportion  of  organic  ingredients.  Though 
the  character  of  soil  depends  primarily  on  the  nature  of  the  rock  out  of 
which  it  has  been  formed,  its  fertility  largely  arises  from  the  commingling 
of  decayed  animal  and  vegetable  matter  with  decomposed  rock. 

A  gradation  may  be  traced  from  the  soil  downwards  into  what  is 
termed  the  “subsoil,”  and  thence  into 
the  solid  rock  underneath  (Fig.  100). 

Between  ■  soil  and  subsoil  a  marked 
difference  in  colour  is  often  observable, 
the  former  being  yellow  or  brown,  when 
the  latter  is  blue,  grey,  red,  or  other 
colour  of  the  rock  beneath. This  con¬ 
trast,  evidently  due  to  oxidation  and 
hydration,  especially  of  the  iron,  extends 
downwards  as  far  as  the  subsoil  is  opened  up  Iw 
to  the  ready  descent  of  rain-water.  The  yellowing 


./  /  -/ 

Fig.  100. — Section  .showing  the  upwanl 
pns.sage  of  Rock  (c)  into  Subsoil  (]>)., 
and  tlionce  into  Vc*getabl(i  Soil  (c). 


rootlets  and  fibres 
of  the  subsoil  may 
even  occasionally  be  noticed  around  some  stray  rootlet  which  has  struck 
down  farther  than  the  rest,  below  the  general  lower  limit  of  the  soil 
{postea,  p.  598). 

^  Gr.  F.  Wright,  Pujp.  Scl.  ^lontldy,  June  1899  ;  Amcrkaii  Geuloyint^  xxix.  190‘J,  p.  140. 

^  Deceptive  apx'jearaiices  of  a  break  lietweeii  the  soil  or  subsoil  and  what  lies  beneath  are 
soraetiiiies  produced  by  thi.s  means.  See  W.  Whitaker,  Q.  J.  Oeol.  Soc.  xxxiii.  p.  122  ; 
E.  Van  den  Broeck,  Me?d.  Couro/rn.  Acad.  Jirif.y,  1881;  J.  (lo.s.selet,  ‘Le  Sol  arable  et 
le  Sous-sol,’  Ajuk  Gedl.  Eonl.  xxviii.  (1899),  p.  307. 
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Mr.  Darwin  observed  many  years  ago  that  a  layer  of  soil,  three 
inches  in  depth,  had  grown  above  a  layer  of  burnt  marl  spread  over  the 
land  fifteen  years  iireviously ;  also  that  in  another  example,  a  similar 
layer  had,  as  it  were,  sunk  beneath  the  soil,  to  a  depth  of  twelve  or 
thirteen  inches  in  eighty  years.  He  connected  these  facts  with  the, 
work  of  the  common  earth-worm,  and  concluded  that  the  fine  loam  which 
had  grown  above  these  original  superficial  layers  had  been  carried  up  to 
the  surface,  and  had  been  voided  there  in  the  familiar  form  of  w^orm- 
castings.^  This  action  of  the  earth-worm  is  doubtless  highly  important, 
but,  as  Eichthofen  has  pointed  out,  we  have  to  take  also  into  account 
the  gradual  augmentation  of  level  due  to  the  daily  deposit  of  dust  {aide, 
p.  438,  lostm^  p.  600). 

Soil  being  composed  mainly  of  inorganic,  and  to  a  slight  extent  of 
organic,  materials,  the  proportion  between  these  two  elements  is  a 
rpiestion  of  high  economic  importance.  With  regard  to  the  organic 
matter,  it  is  the  experience  of  practical  agriculturists  in  Eritain  that 
oats  and  rye  will  grow  upon  a  soil  with  11-  per  cent  of  organic  matter, 
but  that  wheat  requires  from  4  to  8  per  cent.^*^  To  a  geologist,  this 
organic  matter  has  much  interest,  as  the  source  of  most  of  the  carbonic 
acid  with  which  so  wide  a  series  of  changes  is  worked  by  subterranean 
water.  The  inorganic  portion  of  soil,  or  still  undissolvcd  residue  of  the 
original  surface-rock,  varies  from  a  loose,  open  substance  with  00  per 
cent  or  more  of  sand,  to  a  stiff,  cold,  retentive  material  with  more  than 
90  per  cent  of  clay.  When  this  sand  and  clay  are  more  erpially  mixed 
they  form  a  “loam.”^ 

Eeference  has  just  been  made  to  the  thick  accumulation  of  rock 
decomposed  in  situ  observable  in  certain  regions  which,  having  been 
above  the  sea  for  a  lengthened  period,  have  been  long  exposed  to  the 
action  of  w^eathering.  Where  this  action  has  been  supplemented  by  that 
of  rain,  widespread  formations  of  loam  and  earth  have  been  gathered 
together.  These  are  well  illustrated  by  the  ^^brick-earth,’’  head,”  and 
^‘rain-wash”  of  the  south  of  England — earthy  -deposits,  with  angular 
stones,  derived  from  the  subaerial  waste  of  the  rocks  of  the  neighbour¬ 
hood.'^ 

’  Geol.  Tmiis.  w  (1840),  p.  505;  and  his  more  recent  researches  in  liis  volume  on 
‘.Vegetable  Mould.’  See  also  0.  Reid,  OW.  Mag.  1884,  p.  165. 

-  Johnston’s  ‘Elements  of  Agricultural  Chemistry,’  p.  80. 

^  In  the  elaborate  description  of  the  .soils  of  Rnssia  by  Profe.ssor  Sibirtzew  already  cited 
[ante,  p.  161),  lie  classifies  the  .soils  of  that  region  as  follow.s:  (1)  lateritic;  (2)  du.st-fomied ; 
(3)  soils  of  the  <lry  .steppes  or  desert-steppes  ;  (4)  tchernozoms  or  black  earths ;  (5)  Hdils 
of  the  -wooded  steppes  and  of4:he  regions  where  the  trees  shed  their  leaves;  (6)  grassy  and 
‘‘podzols”;  (7)  .soils  of  the  “tundras.”  For  mea.snrements  of  the  i)crmeal)ility  of  soils, 
see  Hondaille  and  Semichow,  Conipt.  rend.  cxv.  (1892),  p.  1015. 

^  Godwin- Austen,  Q.  J.  G.  S.  vi.  p.  94,  vii.  p.  121  ;  Fo.ster  and  Topley,  tp.  elt.  xxi. 
p.  ,446  ;  Pre.stwich,  (p  J.  G.  S.  xlviii.  (1892),  p.  263.  The  vast  extent  of  some  superficial 
formations,  like  the  “loess  above  referred  to  (p.  439),  has  often  suggested  submergence 
below  the  sea.  But  when,  instead  of  marine  organisms,  only  terrestrial,  fliiviatile,  or 
lacustrine  remaims  occur  in  them,  a.s  in  the  brick-earths  and  loess,  the  idea  of  marine  sub¬ 
mergence  cannot  be  entertaine<l.  The  remarkable  “tundras”  or  steppes  of  Siberia,  and  the 
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2.  Mechanical  Action. — Besides  chemically  corroding  rocks  and 
thereby  loosening  the  colie^on  of  their  particles,  rain  acts  mechanically 
by  washing  off  these  particles,  which  are  held  in  suspension  in  the  little 
rain-runnels  or  are  pushed  by  them  along  the  surface.  The  amount  and 
rapidity  of  this  action  do  not  depend  merely  -on  the  annual  quantity  of 
rain.  A  comparatively  large  rainfall  may  be  so  equably  distributed 
through  a  year  or  season  as  to  produce  less  change  than  may  Ije  caused 
by  a  few  heavy  rain-storms  which,  though  inferior  in  total  amount  of 
precipitated  moisture,  descend  rapidly  in  great  \  olume.  Such  copious 
rains  as  those  of  India,  by  deluging  the  surface  of  a  country  and  rajoidly 
flooding  its  water-courses,  may  transport  in  a  few  hours  an  enormous 
amount  of  sand  and  mud  to  lower  levels.^  Another  feature  to  be  kept 
in  view  is  the  angle  of  declivity”:  the  same  amount  of  rain  will  perform 
vastly  moi'e  mechanical  work  if  it  can  swiftly  descend  a  steep  slope,  than 
if  it  has  to  move  tardily  over  a  gentle  one. 

Removal  and  Renewal  of  Soil. — filie  de  Beaumont  drew  atte^ition 
to  what  appeared  to  l)e  proofs  of  the  permanence  or  long  duration  of  the 
layer  of  vegetable  soiL‘-^  But  the  cases  cited  by  him  are  not  inconsistent 
with  a  l)elief  that  the  doctrine  of  the  persistence  of  the  soil  is  true  rather 
of  the  layer  as  a  whole,  than  of  its  individual  particles. "Were  there  no 
provision  for  its  renewal,  soil  would  comparatively  soon  be  exhausted, 
and  would  cease  to  support  the  same  vegetation.  This  result,  indeed, 
occurs  partially,  especially  on  flat  lands,  but  would  be  far  more  wide¬ 
spread  were,  it  not  that  rain,  gradually  washing  off*  the  upper  part  of  the 
soil,  exposes  what  lies  beneath  to  further  disintegration.  This  removal 
takes  place  even  on  grass-covered  surfaces,  through  the  agency  of  earth¬ 
worms,  by  which  fine  particles  of  loam  are  brought  up  and  exposed  to 
the  air,  to  be  dried  and  blown  away  by  wind,  or  washed  down  by  rain. 
The  lower  limit  of  the  layer  of  soil  is  thus  made  to  travel  downward  into 
the  subsoil,  which  in  turn  advances  into  the  underlying  rock.  As  Kutton 
long  ago  insisted,  the  superficial  covering  of  soil  is  constantly,  though 
slowly,  travelling  to  the  sea.*^  In  this  ceaseless  transport,  rain  acts  as 
the  great  carrying  agent.  The  particles  of  rock  and  of  soil  are,  step  l)y 
step,  moved  downward  over  the  face  of  the  land,  till  they  reach  tht^ 
nearest  Ijrook  or  river,  whence  their  seaward  progress  may  be  rapid.  A 
heavy  rain  discolours  the  water-courses  of  a  country,  liecause  it  loads 
them  with  the  fine  debris  which  it  removes  from  the  general  surface  of 

black  earth”  of  Russia,  are  modern  e.xamples  of  suoli  extensive  formations,  which  are 
certainly  not  of  marine  origin,  but  point  to  long -continued  emergence  above  the  sea. 
(Murebison,  Keyserling  and  Be  Venieuil’s  ‘Geology  of  Russia.’  Belt,  ./.  G.  JS.  xxx. 
p.  490  ;  a,ho  pos^ea,  p.  606.)  More  ancient  illustrations  are  supplied  by  the  vast  .subaerial 
and  fresh-water  formations  of  the  interior  of  North  America,  and  ^>y'those  on  the  Hanks  of 
the  Himalaya  chain. 

^  These  rains  sometimes  fall  at  Cliirapuiigi  to  the  enormous  amount  of  40‘S  inches  in  24 
hours  {Nature,  xlviii.  (1893),  p.  77).  The  quantity  of  soil  and  earth  swept  into  the  rivers 
and  transported  by  them  to  the  sea  in  .so  .short  a  space  of  time  i.s  almost  iiicredil)le.  ‘ 

‘  Lecons  de  Gi'ologie  pratique,’  i.  p.  140. 

■'  A.  G.,  Trails.  QeoL  ^uc.  Glasgm\  iii.  p.  170. 

‘  Theory  of  the  Earth,’  part  ii.  chaps,  v.  vi. 
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only  a  few  scattered  fragtiieiits  reiiiaiii  of  a  once  extensive  stratinn,  and  where  it  may 
not  be  easy  to  realise  that  these  fragments  are  not  transported  boulders.  In  Dorsetshire 
and  Wiltshire,  for  example,  the  surface  of  the  country  is  in  some  parts  so  thickly  strewn 
with  fragments  of  sandstone  and  conglomerate  ^‘that  a  person  may  almost  leap  from 
one  stone  to  another  without  touching  the  ground.  The  stones  are  frecpiently  of  con¬ 
siderable  size,  many  being  four  or  five  yards  a(*ross,  and  about  four  feet  thick.”  ^  They 
are  found  lying  abundantly  on  the  Chalk,  suggestive  at  first  of  some  former  agent  of 
transport  by  which  they  were  brought  from  a  distance.  They  are  now,  however, 
generally  atlmitted  to  he  simply  fragments  of  some  of  the  sandy  Tertiary  strata  which 


Fig.  103.— Typical  “  Bad  Lands”  carved  by  siibaerial  deiiudatioii  out  of  Tertiary  strata,  base  of  Scolt’s 
Blutt;  Western  Nebraska.  Photograph  by  Mr.  N.  H.  Dartoii,  U.H.  Gcol.  Survey. 


once  covered  the  districts  where  they  occur.  While  the  softer  portions  of  these  strata 
have  been  carried  away,  the  harder  parts  (their  hardness  perhaps  increasing  by  exposure^ 
have  remained  behind  as  “grey  wethers,”  and  have  suhsefiuently  sullered  from  the 
inevitable  splitting  and  crumbling  action  of  the  weather.  Similar  blocks  of  <piartzitc 
and  conglomerate,  referable  to  the  disintegration  of  Lower  Tertiary  bed.s  hi  silu,  are 
traceable  in  the  north-east  of  France  up  into  the  Ardennes,  showing  that  the  Tertiary 
deposits  of  the  Paris  basin  once  had  a  much  wider  extension  than  they  now  possess.*-^ 
On  a  far  grander  scale,  the  apparent  caprice  of  genei-al  subaerial  disintegration  is 

^  They  have  been  used  for  the  huge  blocks  of  which  Stonehenge  and  other  of  the  so- 
called  Druidical  circles  have  been  constructed,  hence  they  have  Ijeeii  termed  Druid  Stones, 
Other  names  are  Sarsen  Stones  (sui)po.sed  to  indicate  that  their  aecuinulation  has  been 
popularly  ascribed  to  the  Saracens),  and  Grey  Wetlier.s,  from  their  resemblance  in  the 
distance  to  flocks  of  (wether)  sheep.  See  iJencrqdke  Cafalo(/ue  of  IlocL'  t^ijecioieihs  in  Jennyu 
Street  Mumun^  3rd  ed.  ;  Pre.stwich,  Q.  J.  (teoL  Sor.  x.  p.  123  ;  Whitaker,  (Jcotagical  Siffreij 
Memoir  ou  ]}arU  of  MhhlleHex^  d'c.,  p.  71;  J.  W.  Judd,  O'eoh  May.  1901,  p.  1;  T.  R. 
Jones,  “  History  of  the  Sarsens,”  op.  cit.  pp.  54,  115. 

-  Barrois,  Ana.  Sue.  GeoL  ilu  Korf  vi.  p,  366. 
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exliibited  among  the  “buttes”  and  “bad  lands”  of  Wyoming  and  the  neighbouring 
territories  of  North  America  (Fig.  103).  Colossal  pyramids,  barred  horizontally  by  level 
lines  of  stratification,  rise  up  one  after  another  far  out  into  the  plains,  which  were  once 
covered  by  a  continuous  sheet  of  the  formations  whereof  these  detached  outliers  are 
only  fragments. 

As  a  consequence  of  this  ine(iuality  in  the  rate  of  waste,  depending 
on  so  many  conditions,  notably  upon  declivity,  amount  and  heaviness  of 
rain,  lithological  texture  and  composition,  and  geological  structure,  great 
varieties  of  contour  are  worked  out  upon  the  land.  A  survey  of  this 
department  of  geological  activity  shows,  indeed,  that  the  unequal  wasting 
hy  rain  has  in  large  measure  produced  the  details  of  relief  on  the  present 
surface  of  the  continents,  those  tracts  where  the  destruction  has  been 
greatest  forming  hollows  and  valleys,  others,  where  it  has  been  less,  rising 
into  ridges  and  hills.  Even  the  minuter  features  of  crag  and  pinnacle 
may  he  I’eferred  to  a  similar  origin.  (Book  YII.) 

g  2.  Underground  AVater.^ 

A  great  part  of  the  rain  that  falls  on  land,  sinks  into  the  ground  and 
apparently  disappears ;  the  rest,  flowing  off  into  runnels,  brooks  and 
rivers,  moves  downward  to  the  sea.  It  is  most  convenient  to  follow  first 
the  course  of  the  sul)terranean  water. 

All  rocks  being  more  or  less  porous,  and  traversed  by  abundant 
joints  and  cracks,  it  results  that  from  the  bed  of  the  ocean,  from  the 
bottoms  of  lakes  and  rivers,  as  well  as  fi'om  the  general  surface  of  the 
land,  water  is  continually  descending  into  the  rocks  beneath.  To  what 
depth  this  descent  of  surface-water  may  go,  is  not  known.  As  stated  in 
a  former  section,  it  may  reach  as  far  as  the  intensely  heated  interior  of 
the  planet,  for,  as  the  already  <]uoted  researches  of  Dan]>ree  have  shown, 
capillary  water  can  penetrate  rocks  even  against  a  high  counter-pressure 
of  vapour  {(inte,  p.  410).  Probably  the  depth  to  which  the  water 
descends  varies  indefinitely  according  to  the  varying  nature  of  the  rocky 
crust.  Some  shallow  mines  are  ])ractically  quite  dry,  others  of  great 
depth  require  large  pumping  engines  to  keep  them  from  being  hooded  by 
the  water  that  pours  into  them  from  the  surrounding  rocks.  Yet,  as  a 
rule,  the  upper  layers  of  rock  in  the  earth’s  crust  are  fuller  of  moisture 
than  those  <leeper  down. 

Underground  (Jirculation  and  Ascent  of  Springs. — The  water 
which  sinks  l)el<)w  ground  is  not  permanently  removed  from  the  surface, 
though  there  must  be  a  slight  loss  due  to  absorption  and  chemical  altera¬ 
tion  of  rocks.  Finding  its  way  through  joints,  fissures,  or  other  divisional 
planes,  it  issues  once  more  at  the  surkce  in  springs.  This  may  happen 

^  On  tilts  subject  the  following  works  are  of  value  : — ‘  Les  Eaiix  souterraiiies  aii.x  Epoques 
ancienneH,’  A.  Daiibree,  Paris,  1887;  ‘Les  Eanx  souterraines  a  T^poque  actnelle,’  A. 
Daiibn'e,  2  vols.,  Paris,  1887  ;  F.  B.  Suess,  “  Btuclien  iiber  imterirdi.sclie  Wasserbeweginig,” 
Jahrb.  K.  K.  Qml,  Rcichsanst.  1 898,  p.  425  ;  F.  H.  King,  “  Principles  and  Conditions  of  the 
Movements  of  Ground-water,”  19th  Ann.  Rep.  U.  A  (J.  K  1898,  pp.  59-294  ;  followed  by  a 
“Theoretical  Investigation  of  the  Motion  of  Ground-waters,”  by  G.  B.  Bclilicbler,  i>p.  295-384  ; 
G.  Jervis,  ‘I  tesori  sotteranei  dell’  Italia,’  4  vols.  1873-89. 
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either  by  contiimoas  descent  to  the  point  of  outfiow,  or  hy  hydrostatic 
pressure.  In  the  former  case,  rain-water,  sinking  underneath,  flows  along 
a  subterranean  channel  until,  when  that  channel  is  cut  ])y  a  valley  or 
other  depression  of  the  ground,  the  water  emerges  again  to  daylight. 
Thus,  in  a  district  having  a  simple  geological  structure  (as  in  Fig.  104),  a 


sandy  porous  stratum  ((/),  through  which  water  readily  finds  its  vay, 
may  rest  on,  a  less  easily  permeable  clay  (r),  followed  underneath  ])y  a 
second  sandy  pervious  bed  (c),  resting  as  before  upon  comparatively 
impervious  ^  strata  (n).  Eain  falling  upon  the  upper  sandy  stratum  (d) 
will  sink  through  it  to  the  surfalce  of  the  clay  (c),  along  wdiich  it  will 
flow  until  it  issues  either  as  springs,  or  in  a  general  line  of  wetness  along 
the  side  of  the  valley  (/>).  The  second  sandy  bed  (r)  will  serve  as  a 
reservoir  of  sul)terranean  Avater  so  long  as  it  remains  below  the  surface, 
but  any  valley  cutting  down  below  its  base  -will  drain  it. 

Except,  however,  in  districts  of  gently  inclined  and  unl)roken  strata, 
SiDiings  are  more  usually  of  the  second  class,  wdiere  the  water  has 
descended  to  a  greater  or  less  distance,  and  has  risen  again  to  the  sur¬ 
face  in  fissures,  as  in  so  many  syphons.  Lines  of  joint  and  fault  afford 
ready  channels  for  subterranean  drainage  (Fig.  105).  Powerful  faults 


Fi<;.  105.— -DfM'p-seated  Si>rings  (.s,  s')  ribiuj;'  tIirouji:h  joints  and  a  fault  (,/'). 


which  bring  different  kinds  of  rock  against  each  other  (as  and  are  by 
the  fault  /  in  Fig.  105)  are  frequently  marked  at  the  surface  by  copious 
sjoiings.  So  comjilex  is  the  network  of  divisional  planes  by  which  rocks 
are  tiayersed,  that  water  may  often  follow  a  most  labyrinthine  course 
before  it  completes  its  underground  circulation  (Fig.  106).  In  countries 
with  a  sufficient  rainfall,  rocks  are  saturated  witli  water  below  a  certain 
limit  termed  the  wdtrr-LveL-^  Owung  to  varying  structure,  and  relative 
capacity  for  water  among  rocks,  this  line  is  not  strictly  liorizontal,  like 

^  This  term  imperriovs  must  evidently  .l)e  used  in  a  relative  and  m)t  in  an  absolute 
sense.  A  stiff  clay  is  practically  impervious  to  the  trickle  of  underground  water  *  hetice  its 
eniployirient  as  a  material  for  puddling  (that  is,  making  water-tight)  cjinals  and  reservoirs. 
But  it  coiitaius  al)undant  interstitial  water,  on  which,  indeed,  its  tdiaracteristie  plasticity 
depends. 

On  the  underground  saturation  of  rock.s,  see  0.  Keller,  Ajni.  Mines,  xii.  (1897;,  p.  59  ; 
1.  M.  Reade,^/Voc.  Liverpool  Ueol.  >Sbr.  1883-84,  ‘‘Experiments  on  the  Oirculation  of  Water 
in  Sandstone.  A  body  of  information  regarding  the  underground  eireulatiou  of  water  in  the 
permeable  formations  of  England  was  eollected  by  a  Committee  of  the  British  Association, 
and  will  be  found  in  the  Ann.  Rep.  from  1875  onwards. 
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-  S  rXJ>KRGIlOrND  rilRTLATION  OF  JVATEIl 

tha,t.  of  the  surface  of  m  lake.  Moreover,  it  is  liable  to  rise  and  fall 
as  the  seasons  are  wet  or  dry  A  In  some  places  it  lies  cpiite 
irx  others  far  below,  the  surface.  A  well  is  an  artificial  hole  dug 


ibi^m  })elo\v  the  water-lev'el,  so  that  the  water  may  percolate  into  it. 

'wlien  the  water-level  happens- to  l>e  at  a  small  depth,  wells  are 
;  when  at  a  greater  depth,  they  require  to  be  deeper. 

^4il  ice  rocks  vary  greatly  in  porosity,  some  contain  far  more  wa^er 
tint  II  others.  It  often  happens  that,  percolating  along  some  porous  bed, 
.Hill ft,€ ►i»f^iiiean  water  finds  its  way  downward  until  it  passes  under  some 
niort?  i xnpervious  rock.  Hindered  in  its  progress,  it  accumulates  in  the 
port  I*  IB  hed,  from  which  it  may  be  able  to  find  its  way  up  to  the  surface 
only  l)y  a  tedious  circuitous  passage.  If,  however,  a  bore-hole  be 
tlirough  the  upper  impervious  bed  down  to  tlie  water -charged 
.Hi below,  the  water  will  avail  itself  of  this  artificial  channel  of 
ii.nd  will  rise  in  the  hole,  or  even  gush  out  as  i\  jG  d/ eau  nhove 
gritiiml.  Wells  of  this  kind  are  now  largely  employed.  They  bear  the 


Fi^.  107.~-l)iu^nnn  illustrative  of  the  theory  (ft  Arteniaii  Wells. 

-  ,  ? ,  I  water-bearing  rocks,  covered  by  an  impervious  series  (c),  through  wliicli,  at  Ij  and  ehsewhere, 

l)oriiigH  are  nuuh*  to  the  water-level  iieiieatli. 


of  Aiiexwn,  from  the  old  province  of  Artois  in  France,  where  they 
hi»rft  l>een  in  nse-  (Fig.  107). 


1  1 1  littH  been  ascertiiined  by  observation  and  nieasureiiieiit  that  the  discharge  of  springs 

1 1  .a  »  itff  ected  l)y  atmospheric  x^ressure  being  greater  with  a  low  than  with  a  liigh  barometer. 
II.  Rf’if.  Am)r.  1881  ;  see  also  OW.  3faf/.  1893,  p.  568. 

-  I*restwicli,  Q.  ./.  (Mj/.  Sac.  xxviii.  p.  Ivii.,  and  the  references  there  given.  On  the 


f>t’  Artewian  Wells,,  see  Professor  T.  C.  Oharaberlin,  5th  Ann.  Rep.  V.  >S\  (R  K  (1883-84), 
I«  I  ?S  1  ;  tfclHO  ‘‘  Final  Report  on  Artesian  and  Underflow  Investigation,”  Me.  Roc.  Aentf.te  If.  K 
If,  Mutrt  ii-  (1892),  p.  116;  K.  H.  Darton,  “Preliminary  Report  on  Artesian  Wells  of  a 
pcJliofi  of  the  Dakotas,”  17fh  Ann.  R&in  U.  R  (L  H.  (1896)  ;  “Artesian  Well  Prospects  in 
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SECT,  ii  §  CHEMICAL  AOTIOK  OF  TINLERGROULW  IFATEB 

great  depth.  If  we  could  assume  a  progressive  increase  of  Fahr.  of 
subterranean  heat  for  every  60  feet  of  descent,  the  water  at  120*^,  issuing 
at  a  locality  whose  ordinary  temperature  is  50*',  should  have  been  down 
at  least  4200  feet  below  the  surface.  But  from  what  has  been  already 
stated  (p.  62)  regarding  the  irregular  stratification  of  temperature  within 
the  earth’s  crust,  such  estimates  of  the  probable  depth  of  the  sources  of 
springs  are  not  quite  reliable.  The  source  of  heat  in  these  cases  may  be 
some  crushing  of  the  crust  or  ascent  of  heated  matter  from  underneath, 
which  has  not,  however,  given  rise  to  volcanic  phenomena. 

1.  Chemical  Action.^ — Every  spring,  even  the  clearest  and  most 
sparkling,  contains  dissolved  gases,  also  mineral  .solutions  abstracted 
from  the  soils  and  rocks  which  it  hcis  traversed.  The  gases  include  those 
absorbed  by  rain  from  the  atmosphere  (pp.  414,  44S),  also  carbon-dioxide 
supplied  by  decomposing  organic  matter  in  the  soil,  sulphuretted  hydrogen, 
and  marsh-gas  or  other  hydrocarbon  derived  from  decompositions  within 
the  crust.  The  dissolved  solid  constituents  consist  partly  of  organic, 
but  chiefly  of  mineral  matter.  Where  spring-water  has  been  derived 
from  an  area  covered  with  ordinary  humus,  organic  matter  is  always 
present  in  it.  Organic  acids  are  abstracted  from  the  soil  by  descending 
water,  and  these,  before  they  are  oxidised  into  carl^oriic  acid,  are  effective 
in  decomposing  minerals  and  forming  soluble  salts  (p.  450).  The 
mineral  matter  of  spring- water  consists  principally  of  carbonates  of 
calcium,  magnesium  and  sodium,  sulphates  of  calcium  and  sodium,  and 
chloride  of  sodium,  with  minute  traces  of  silica,  phosphates,  nitrates,  &c. 
The  nature  and  amount  of  mineral  impregnation  depend,  on  the  one 
hand,  upon  the  chemical  energy  of  the  water,  and  on  the  other,  upon 
the  composition  of  the  rocks. 

Various  sources  of  augmentation  of  its  chemical  energy  are  available 
for  suhterranean  water: — (1)  The  abundant  organic  matter  in  the  soil 
partially  abstracts  oxygen  from  the  water,  l)ut  supplies  organic  acids, 
especially  carbonic  acid.  In  so  far  as  the  water  carries  down  from  the 
soil  any  oxidisal^le  organic  substance,  its  action  must  be  to  reduce  oxides 
(j).  451).  Ordinary  vegetable  soil  possesses  the  power  of  removing  from 
permeating  water  potash,  silica,  phosphoric  acid,  ammonia  and  organic 
matter,  elements  which  had  been  already  abstracted  from  the  soil  by 
living  vegetation,  and  which  are  again  ready  to  be  taken  up  l}y  the  same 
organic  agents.  (2)  Carbon-dioxide  is  here  and  there  largely  evolved 
Avithin  the  earth’s  crust,  especially  in  regions  of  extinct  or  dormant 
volcanoes.  Subterranean  water  coming  in  the  way  of  this  gas  dissolves 
it,  and  thereb}'  obtains  increased  solvent  power.  (3)  The  capacity  of 
water  for  dissolving  mineral  substances  is  augmented  by  increase  of 
temperature  {ante,  p.  411).  It  is  conceivable  that  cold  springs,  containing 
a  large  percentage  of  mineral  solutions,  may  have  acquired  this  impregna¬ 
tion  at  a  great  depth  and  at  a  higher  temperature.  As  a  rule,  however, 
thermal  water,  as  it  cools,  deposits  more  or  less  of  its  dissolved  minerals 
on  the  walls  of  the  iissures  up  which  it  ascends,  tience,  no  doubt,  the 

^  This  subject  is  fully  treated  in  vol,  ii,  of  Daubree’s  '  Les  Eaux  souterraines  a  I’Epoque 
actuelle.  ’ 
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MTXEUAL  SPinXG.^ 


u.  Lias  ...... 

t).  X('\v  lied  ISaiHl.stoiic  . 

7.  Alu^iiesian  Lini<*sioiii‘ 

8.  Coa.l-i)ieasiH't‘s  .... 

9.  VoredaU*  bods  and  Millstune-^ndt 

10.  .Mountain  Ijiinostone  . 

11.  Devonian  and  01<l  Red  vSandstone 

12.  Silurian  ..... 
Id.  (iranitc  an<l  (lind.ss  . 


From  tliis  ia])le  it-  is  evident  Iiow  ^n-eatly  the  jn’oportion  of  <lissolved  mineral 
su})staiiee.  an^^nnents  in  those  watm's  ^vlnl‘h  rist‘  in  ealeareous  tracts,  and  liow  it  cor^ 
respondiii^dy  sinks  in  tlu)S(;  where,  tin*  rocks  are  mainly  siliceoii.s.  The  maximum 
])cre,(‘ntag(‘  in  ^n’onp  Xo.  13  was  hiss  than  1  ]>art  in  every  10,000  of  water,  the  minimum 
beinft  0*140  from  ^Tanite.  In  Xo.  1,  on  the  (iontrary,  the  inaxirmiin  Avas  22*524,  in 
No.  G  it  was  7*420),  ami  in  N'o.  10  it.  was  9*850.’* 

2.  MiiH'ral  Sp)*ing's  are  in  sonn*  instances  cold,  in  otliers  warm,  or  even  boiling. 
Tln'i-niail  si)rings  a, re  more  usually  mineral  waters  than  cold  st>rings,  but  there  doe.?  not 
apt)i‘ar  to  b<*  any  nef'(*sHai*y  relation  between  tem])e.rature  and  chemical  composition. 
J\Iim‘ral  spiings  may  be  roughly  elassilmd  for  geological  pnrpo.scs  according  to  the  ]»re- 
vailing  mineral  substance  conlaiin*d  in  them,  which  may  range  in  amount  from  1  to  300 
grammes  ])er  litn*.^ 

irons  Aprhujs  e.ontain  ealediim-carhonabi  in  s\ich  ipiantity  as  to  be  deposited  in 
the  form  of' a  white  enist  round  objects  over  which  the  water  flows.  Calcium-carbonate, 
according  to  Kresenius,  is  dissolved  by  10, GOO  of  cold  and  by  8834  ])arts  of  warm  water.^ 
Hnt  in  nature,  the  ])roportion  of  this  carbonate  present  in  springs  depends  mainly  on  the 
])r()portion  of  fr(?e  carbonif?  acid,  which  retains  the  lime  in  solution.  On  the  loss  of 
carbonic  a(dd  ])y  e,\]K)Hure  and  (evaporation,  tlui  carbonate  is  thrown  down  as  a  white 
])recipitat(n  This  deijosition  is  fre<piently  brought  about  hy  the  action  of  living  ])lants. 
(book  III.  Fart  11.  Sect.  iii.  §  3.)  Water  saturated  with  (‘.arbonic  a(dd  will  at  the 
freezing-point  dissolve  0*70  gramme  and  at  10'  C.  0*88  gramme  of  calcium-carbonate 
]>(*r  litre.  Cahnireous  springs  ocicur  abundantly  in  limestone  districts,  and  indeed  may 
be  looked  for  wh(n*ev(n*  tin*  nn^ks  are  of  a  markedly  calcareous  (diaractcr.  In  some 
r(‘.gi()ns,  th<*y  have  brought  ii]»  Hiich  emirmous  <[uautities  of  lime,  as  to  form  considerable 
hills  {posfrtf^  p.  475), 

FcrnufinotiH  er  (Jhnl pfrale  ^priiajs  contain  a  large  proportion  of  ferrous  sul[)hate  (iron- 


^  Ithrrs  Pollutidu  (^fnKuiissiott.,  dth  1874,  ]»p.  107-131.  See  also  Reports  of 

Brit.  Assoc.  (V)imnittee  on  lJndt*rgromjd  Circulation  of  Watei*,  beginning  in  1876  ;  and  R. 
Waringt.on’s  Ihtport  on  experiments  at  the  Rothanisted  Laboratory,  Jonni.  CJuon.  l^oc.  1887, 

“  Paul,  Watf.s’  ‘  Diet.  Cheni.’  v.  \).  lOlG.  Daubn'e,  from  the  (dieinical  side,  groups  them 
in  s<*ven  divi.sion.s  : --1  st,  with  Hfxlium-chloride  either  (done  or  with  other  chlorides  or  with 
siilpluit(*s  or  carbonates  :  here,  also  c.onie  some  springs  with  maguesinm  or  calcium-chloride  ; 
2nd,  with  hydn^ithloric  acid  found  at  active  volcanic  cemtres  ;  3rd,  .sulphuretted  ;  4th,  with 
frci^  Hulphiiric  a-cid  ;  .Gtln  with  sulphates  of  .Hodiuni,  calcium,  magnesium;  aluminous,  ferrous 
or  ferric  ;  Gth,  (cirbonattid,  tnmtaining  carbonate  of  soda,  or  of  lime,  iron,  magnesia  or  more 
eomph‘X  compounds  ;  7th,  silie.atcd.  The  mineral  springs  of  the  Fnited  States  are  described 
hy  A.  C.  Peale,  linfi.  C,  K  <i.  S.  Xo.  32  (1886),  p.  235  ;  sec*  also  tph  Ann.  Jtrp. 
U.  X.  (f.  K  (1892-93).  Resides  tli(‘ir  mimmal  solutions,  many  springs  contain  considerable 
a.mouuts  of  dissolved  gases.  Prof.  W.  Ramsay  obtained  argon  and  helium  from  a  number 
of  mineral  waters  examined  by  him  :  /Voe.  /tc/A  Xce.  1897. 

**  Pwotb,  ‘(Jltem.  (Jeol.’  i.  p.  48.  ‘‘One  litre  of  water,  eitlnw  cold  or  boiling,  dissolves 
about  18  niilhgramnie.*^.”  Hostjoe  and  Sehorlemmer,  ‘  f'lieinistry,’  ii.  }>.  208. 
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vitriol,  copperas)  in  the  total  mineral  ingredients^  and  are  known  by  their  inky  taste, 
and  the  yellow,  brown  or  red  ochry  deposit  along  their  channel.  Tliey  may  be  fro  |uently 
observed  in  districts  where  beds  or  veins  of  pyritoiis  ironstone  occur,  or  where  the 
rocks  contain  miicli  iron-disnlphide  in  coinbination,  particularly  in  the  waters  of  old 
mines.  By  the  weathering  of  this  sulphide  (mareasite),  so  abundantly  ('ontained  among 
stratified  rocks,  ferrous  sulphate  is  produced  and  brought  to  the  surface,  but  in  presencf' 
of  carbonates,  particularly  of  the  ubicpiitous  carbonate  of  lime,  is  decomposed,  the  acid 
being  taken  up  by  the  alkaline  earth  or  alkali,  and  the  iron  becoiniug  a  feiious  carbonate, 
which  rapidly  oxidises  and  falls  as  the  familiar  yellow  or  brown  crust  of  hydrous  peroxide. 
The  rapidity  with  which  ferrous-carbonate  is  thus  oxidised  and  precipitated  was 
well  shown  by  Eresenius  in  the  case  of  the  Langenschwalbach  chalybeate  s])ring.  In  its 
fresh  state  the  water  contains  in  1000  parts  0’ 37690  of  protoxide  of  iron.  After  standing 
twenty-four  hours  it  was  found  to  contain  only  S7‘7  per  cent  of  the  original  amount 
of  iron  ;  after  sixty  hours  62-9  per  cent,  and  after  eighty- four  hours  53*2  per  ceiitd 

Brine-Springs  (Soolquellen)  bring  to  the  surface  a  solution  in  which  sodium  chloride 
greatly  predominates.  Springs  of  this  kind  appear  where  beds  of  solid  rock-salt  exist 
underneath,  or  where  the  rocks  are  inijU’egnatcd  with  that  mineral.  Most  of  the  brines 
worked  as  sources  of  salt  are  derived  from  artifieal  borings  into  saliferous  rock.s.  Those 
of  Cheshire  in  England,  the  Salzkammergut  in  Austria,  Bex  in  Switzerland,  &c.,  have 
long  been  well  known.  That  of  Clemensliall,  \Viirtemb<*rg,  yields  upwards  of  26  per 
cent  of  salts,  of  which  almost  the  whole  is  eddoride  of  sodium.  The  other  substances 
contained  in  solution  in  the  water  of  brine-springs  are  eldorides  of  j)otassiuni,  magnesium 
and  calcium  ;  sidphates  of  calcium,  and  le.ss  frecpiently  of  sodium,  ]K)tassiiim,  mugnesium, 
barium,  strontium  or  aluminium  :  silica  ;  compounds  of  iodine  and  (liiorine  ;  with 
phosphates,  arseniates,  borates,  nitrates,  organi<*  matter,  carbon -dioxide,  sul]>hurcttcd 
hydrogen,  marsh-gas  and  nitrogen.^ 

Medicinal  Springs,  a  \'iigiie  term  applied  to  mineral  springs  wliieli  have  or  are  1  telievfjd 
to  have  curative  effects  in  different  diseases.  M(Hlical  uum  recognise  various  f[ualitics, 
distinguished  by  tlic  i)articiilar  sidtstance  most  eoiis])ieuous  in  each  variedy  of  water— 
Alkaline  Waters,  containing  lime  or  soda  and  carbonic  acid-  -Vicliyd’  Saratoga  :  IHfter 
Wafers,  with  sulphate  of  magnesia  and  soda — Sedlitz,  Kissingen  ;  S<dt  or  Mariated 
Waters,  with  common  salt  as  the  leading  mineral  constiimuit  -  '\Vi(‘sbad(’ii,  Chehenliam; 
Earthy  Wafers,  lime,  either  a  sulphate  or  earhouate  being  the  most  marked  iiign'dieiit 
— Bath,  Lucca  ;  SuJphuroiis  Waters,  with  sulphur  as  sulphurettc{l  hydi’ogen  and  in 
sulphides — Aix-la-Chapelle,  Ilarrogab'.  Some  of  theH(‘  medicinal  springs  are  thermal 
waters.  Even  where  no  longer  warm,  tin*  water  may  have  aquired  its  peculiar  niedicinal 
characters  at  a  great  de2)th,  and  therefore  under  the  iidhuaiee  of  increased  temperature 
and  pressure.  Sulphur  .springs  are  sometimes  warm,  but  alst)  occur  abundantly  cold, 
where  the  water  rises  through  rocks  containing  {b'coiupoHing  suI|)ludeH  and  organic 
matter.  Sulphates  are  there  first  formed,  whicli  by  the  reducing  effect  of  the  organic 
matter  are  decomposed,  with  the  resultant  formation  of  sulphuretted  hydrogfui  fp.  92). 
Sulphuretted  hydrogen  and  sulphurous  acid  are  sometimes  oxulised  into  sulphuric  acid, 
which  remains  free  in  the  water.  ^ 


^  Jovrnal  far  prakf.  Chein.  Ixiv.  ji.  868,  quote<l  hy  Both,  ap.  eif.  i.  p.  oB.k  Tin?  river 
in  the  Vale  of  Avoca.  Ireland,  formerly  contained  so  much  fiTrous  sulphate,  (■arided  into  it 
by  mine-waters,  that  its  hed  and  hanks  for  several  miles  down  to  the  sea  were  covered 
with  an  ochreous  deposit. 

^  Roth,  ‘Cliern.  Geol.’  i.  p.  442,  Bisehof,  ‘Chcra.  fuad.’  ii.  Many  subterranean  water.N 
though  not  deserving  the  name  of  brines,  contain  eonsid(*rable  j»roport.ir)iis  of  chlorides.  On 
the  alkaline  chlorides  of  the  Coal-measures,  see  R.  Malherbe,  BvtL  AcjaL  Roy.  Belgiqve, 
1875,  p.  16  ;  also  R.  Laloy,  Ann.  Soc.  Oeol.  Nord,  1875,  p.  195. 

See  Ct.  F.  Dollfus,  ‘Reeherches  geologiques  .sur  les  Environs  fie  \'ichy.’  Paris,  1894. 

Roth,  op.  cif.  i.  pp.  444,  452. 
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Hot  Springs,  Gr users.— tliennal  waters  of  volcanic  districts  nanally  contain  a 
marked  percentage  of  dissolved  mineral  matter,  notably  silica,  with  sulphates,  carbonates, 
chlorides,  bromides,  and  other  combinations.  Perhaps  the  most  detailed  examination 
yet  made  of  any  sucli  group  of  springs  is  the  series  of  analyses  performed  by  the  Geological 
Survey  of  the  United  States  on  the  waters  of  forty-three  hot  springs  in  the  Yellowstone 
National  Park.  The  temperatures  of  these  waters  ranged  up  to  93'"'  C.,  and  the  total 
amount  of  dissolved  mineral  matter  up  to  2 '8733  grammes  in  every  kilo^amme.  The 
silica  sometimes  amounted  to  0*6070  gramme,  the  sulphuric  acid  to  1*9330,  the  carbonic 
acid  to  1*2490,  the  chlorine  to  1*0442,  the  calcium  to  0*3076,  the  magnesium  to  0*0797, 
the  potassium  to  0*1603,  the  sodium  to  0*4407,  and  there  were  minute  quantities  of 
numerous  other  constituents.^  It  lias  been  ascertained  that  in  these  springs,  also,  fresh¬ 
water  algte  play  a  considerable  part  in  the  production  of  the  sinter.  (See  Book  III. 
Part  II.  Sect.  iii.  3.) 

Oil  Sprhigs. — Petroleum  is  sometimes  brought  up  in  drops  Boating  in  spring- water 
(St.  Catherine’s,  near  Edinburgh).  In  many  countries  it  comes  up  by  itself  or  mingled 
with  indarninable  gases.  Reference  has  already  been  made  (pp.  185,  318)  to  the  abund¬ 
ance  of  this  product  in  North  America.  In  western  Pennsylvania,  some  oil-wells  have 
yielded  as  much  as  2000  to  3000  barrels  of  oil  ])er  day.- 

Eesults  of  the  Chemical  Action  of  Underground  AA'ater. — 
Three  remarkahlc  results  of  the  chemical  operations  of  underground  water 
are  : — Lst,  The  internal  composition  and  minute  structure  of  rocks  are 
altered,  :2nd,  Enormous  quantities  of  mineral  matter  are  carried  up  to 
the  surface,  where  they  are  partly  deposited  in  visible  form,  and  partly 
conveyed  by  brooks  and  rivers  to  the  sea.  3rd,  As  a  consequence  of  this 
transport,  suliterrariean  tunnels,  passages,  caverns,  grottos,  and  other 
cavities  of  many  varied  shapes  and  dimensions  are  formed. 

(1)  Altewtion  of  roch. — The  processes  of  oxidation,  deoxidation,  solu¬ 
tion,  hydration,  and  the  formation  of  carbonates,  described  (pp.  450-453) 
as  carried  on  above  ground  by  rain,  are  likewise  in  progress  on  a  great 
scale  underneath.  Since  the  permeability  of  subterranean  rocks  permits 
water  to  find  its  way  through  their  pores  as  well  as  along  their  divisional 
planes,  chemical  changes,  of  a  kind  like  those  in  ordinary  weathering, 
take  place  in  them,  and  at  some  depth  may  he  intensified  by  internal 
terrestrial  heat  and  pressure.  This  subterranean  alteration  of  rocks  may* 
consist  in  the  mere  addition  of  substances  introduced  in  chemical  solution ; 
in  the  simple  solution  and  removal  of  some  one  or  more  constituents :  or 
in  a  complex  process  of  removal  and  replacement,  wherein  the  original 
substance  of  a  rock  is  molecixle  by  molecule  removed,  while  new  in¬ 
gredients  are  simultaneously  or  afterwards  substituted.  In  tracing  these 
alterations  of  rocks,  the  study  of  pseudomorphs  becomes  important,  for  we 
thereby  learn  what  was  the  original  composition  of  the  mineral  or  rock. 
The  mere  existence  of  a  pseudomorph  points  to  the  removal  and  substitu¬ 
tion  of  mineral  matter  by  permeating  water.^ 

1  F.  A.  Gooch  and  J.  E.  Wbittield,  Bull.  l\  S.  (Jeol.  Suren/,  No.  47,  1888.  ' 

“  See  the  authorities  cited  ante,  p.  319, 

^  It  is  not  needful  to  take  account  here  of  such  exceptional  cases  as  the  artificial  con¬ 
version  of  aragonite  into  calcite  by  exposure  to  a  high  temperature.  In  such  parauiorphs 
the  change  is  a  molecular  or  crystalline  rather  than  a  chemical  one,  though  how  it  takes 
place  is  still  unknown.  P.seudomorphs  may  be  artificially  formed.  Crystals  of  atacamite 
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The  extent  to  which  such  mineral  replacement  has  been  cariied 
among  rocks  of  the  most  varied  structure  and  composition  is  prohahly 
best  shown  by  the  abundant  petrified  organic  forms  in  formations  of  all 
geological  ages.  The  minutest  structures  of  plants  and  animals  have  been, 
particle  by  particle,  removed  and  replaced  by  mineral  matter  introduced 
in  solution,  and  this  so  imperceptibly,  and  yet  thoroughly,  that  even 
minutiae  of  organisation,  requiring  a  high  power  of  the  microscope  for  their 
investigation,  have  been  preserved  without  distortion  or  disarrangement. 
From  this  perfect  condition  of  preservation,  gradations  may  he  traced 
until  the  organic  structure  is  gradually  lost  amid  the  crystalline  or 
amorphous  infiltrated  substance  (Fig.  108).  The  most  important  petrifying 
media  in  nature  are  calcium-carbonate,  silica  and  iron-disulphide  (marcasite 
more  usually  than  pyrite).  (See  Book  Y.) 


Fij'.  lOS.  -  Kossil  Wo(jd  from  tuff,  Bunitislaml,  lO'.i.— S('<;ti<ui  of  a  ])art  of  a  Stulaetiio 

showing  perfectly  pro8er\’(‘(l  hikI  parts  Magiuji(i<l  10  (lianiftcrs. 

destroyed  by  crystallisation  of  oalcito. 

Magnified  10  dianieters. 

Another  proof  of  the  alteration  which  rocks  have  suffered  from 
permeating  water  is  supplied  by  the  abundance  of  veins  of  calcite  and 
quartz  by  which  they  are  traversed,  these  minerals  having  been  introduced 
in  solution  and  often  from  the  decomposition  of  the  enclosing  rock.  As 
Bischof  pointed  out,  a  drop  of  acid  seldom  fails  to  give  effervescence  on 
pieces  of  rock,  composed  of  silicates,  which  have  been  taken  even  at  some 
little  depth  from  the  surface,  thus  indicating  the  decomposition  and 
deposit  caused  by  permeating  water.  As  already  stated,  one  of  the  most 
remarkable  results  of  the  application  of  the  microscope  to  geological 
inquiry  is  the  extent  to  which  it  has  revealed  these  all -pervading  altera¬ 
tions,  even  in  what  might  be  supposed  to  be  peidectly  fresh  rocks. 
Among  the  silicates,  the  most  varied  and  complex  interchanges  have  been 
effected.  Besides  the  production  of  calcium-car1)onate  by  the  decomposi¬ 
tion  of  such  minerals  as  the  lime-felspars,  the  series  of  hydrous  green 
ferruginous  silicates  (delessite,  saponite,  chlorite,  serpentine,  so 

commonly  met  with  in  crystalline  rocks,  are  usually  witnesses  to  the 
(Cu40jj0l2"f- 4 H.jO)  placed  in  a  solution  of  bicarbonate  of  soda  are  completely  changed  into 
snalacliite  in  four  years.  T’schennoYt^  Mui.  Milfh.  1877,  p.  97. 


/»/•./'' />/7'n  n:<fM  iwnrj/in^nf'xit  //m'/v-;// 
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ifitliii'iir,*  h|  infill  Ml  ifi;4  wiil  rr.  Thr  rhan^<‘..s  \  {siM<‘ in  olivitK!  (pp.  lo;#,  !!  ji') 
ulltT  iiMf nni i\ «•  oh  tin*  pro^^rons  (»f  traiisfoi’niation.  One-  furt.lier 

III, IV  ItfM'iird  it-,  Hipplii‘(}  hy  iiiv  /.latlit vs,  so  voimiion  in  cavitinn  and 
aniMig  Ifi;tii\  .Iiiririif  v<iir;mir  and  utluT  (*ryst;illiiit‘  rocks.  Thc.Hc  iuivc 

*  oiii!iH»ii!\  rt‘*iilit‘d  fioiii  tin*  dcroiapoHit ion  of  felspars  or  aJlicul  niimn’ids. 

1  iicir  modi'  of  fomni  iun  in  indicalcti  hy  tlic  ol>.s(*rva.tion  alrc^ady  cJtial 
(p.  I  I  I  I,  tli.’i!  Idmtaii  iiiiinonry  a!  the  hidhs  of  I^londncrc.s  has  in  tin* 
ooiii’nc  ttt  r<*ijfiirio-  ln‘i*ij  no  deconiposed  hy  tile  slow'  pcri'olu.ion  of  aJlialino 
iiiitcr  ,d  a  lioi  s*\ccfdin;4  oU  ^  (1-2  Iddir, )  under  ordinary 

.if iiiti-pli»*rir  liiif!  larimis  /.eolitii*  silii'atcH  lia,ve,  been  developed 

111  f  hr  hi  f<«L  ■ 

il!|  #  /oiio.o/  ti,.,  iH  tiicM*  l»y  far  tin*  most-  almndant  is  ejdeimin 

»Mihoii.iir,  1  he  M,i\  ill  ttliieh  t liin  .'^uhst atiee  is  r(‘nio\a*.d  and  r(*"d(‘,poHit(^d 
hy  p»i*iijeajiiiy  u.ifrr  rail  hi*  im^t rueti vely  Htuclie.d  in  tin*,  formal. ion  of  the 
tjiiiilitir  .  and  heiiealh  damp  arelies  a,nd  in  limostoin* 

•  Ip.  I  ‘.1 1 1.  \h  eaeii  di’op  ^^afliers  oti  the  roof  and  he.oins  to  evaporates 

.Hid  hoe  iMrlfoiiii-  .if'id,  tin*  exeess  (4'  <*arlHHia,t4*  which  it>  caji  no  lony((‘r 
lefaiii  i-do|iiedfei|  round  its  eelj^es  an  a  rino  {Fi;(.  l(IP).  I )rop  Hue('(st‘diny 
drop,  ilic  oiioiiial  iin^  grown  into  a  long  p(*iniaiit  tnhe,  udiieh,  hy  suit 
■'0'i|iiefii  iii.:.dde  .iiid  iiiitsfdi%  heeonn*H  a  solid  staJk,  am!  on  r(*ae.hing 

flit*  fioifi  tim\  iliirkeif  into  a  massive  pillar.  At  tirst.  tin*  eal(*,a,n*onH 

im  hiiI!  and,  wlimi  dry,  pnlviirnh'iit,  hut-  hy  prolonged  sa-tiirat-ion 
Olid  file  iiiteiiial  depoHit  of  ealrife  if  heeeinnrs  hy  degr<*es  cryntallitH*. 
Ive  li  Hfaiaijife  IS  fiiiiifil  III  poHsess  an  ititernal  radiating  lihreais  st-ruetun*, 
di**  lihr^'H  ipri^iir^P  passing  fhe  cairic'eiif  I'le  /.ofitjfi  of  growth  (p.  1!)  I ). 

file  sfiilmiifi*  ri'ifiaiiiM.  saturated  with  ealeari'taiH  watm*,  and  the.  diverge.nt 
aie  ils-veloprii  and  eoiitiiniefl  a;H  radii  fnmi  t.In*  eentri*  <4'  tin*  Hta.lk. 

I  fii'H  piori»4s  iiiiiy  III*  •‘iiiiipleti'd  within  a  sliort  period.  At  t.he  North 
Ihhigr,  Kdinhiiryii,  for  exunipie,  wliirli  vva.s  f‘reeted  in  I  772,  stalae-titf^s 
wrfr  iiliiaiiiHfi  iii  i?«^7it  Hirin!  of  ivliii-li  nit^anured  an  inch  a.n(l  a  Indf  in 
djHiiietei  4j.ij  fin*  elittnifferisf ie  radiating  Htnn'Jure."  It  is 

doulafr  i  Ip  all  aiinloruei proee^4  that  limiistoneK,  origitially  eornpoHcnl 
m|  f  !je  i|  *’h|j^iif  raii-areoii- oroaiii->,iiiH  and  interstmt itied  among  perfeatily 
dfeho  .tiid  .,and4oiiio,  lia\e  aeipiired  a  erystaJliiie.  ntrnt’ture 

'  |i.  fhii},  • 

Smiic  depfi^^it  ahiiinlantly  a  precipitate  of  ca.rhonate 

liim^  upon  I  wig*.,  Mtonen  and  other  ohjeets.  Tin* 

pieMpUaf**  feJoo  pla*  e  m lifii  I’roiii  any  eaiiHc  tlie  water  parts  with  ear 
oiaji.'  4»  id  uiAV  aii'4*  froiii  inert*  eutporiit ion,  hut  is  fretfin‘ntly  due 

da  .  I'fioii  tff  hogfiitHiec  ami  wafer  plantn,  whieli,  deeumpoHing  the 

‘  -’H,.  "I*  4#  w  |..  i.e-MV  4« ,  *  |<,  |J!I  ,/  X’i  a  1  refill  I  y  ui«'iiti«an'd 

i  4  t  *  e  *  414  a  1M4  H  Ir  411  Ur  »  fl»  '  te*!  i'H’li  l*y  -iSloH  «4fer. 

ri  <■  .'4  "I  ^ i-ii*  lsi},U«  ifMo«nrli  < ’4%i’  e-i  rffiirU  !m  iaet  }H't‘ loniuiii, 

’  .U  f>*t  Hi  .  'I'.  /I/4.  I  4M0,  y,.,  I  ;,7;p,  'I’tni  |.i 

'  r  r).  ,4.  !,  ,V  »  J  t  -  .Hi' 

'*  4J  '  ^  Wlilfj  l#r/4<4yj*  H  *<ft*  p,  ,/,  |•7n,  |t»  12  «/  The  tOH’lv 

e'i'r<  %  4  «j||  ,4  4«4*<'4^  '-Jisler  flw*  «lfh  |i'<4jtrr"e«|  liiUit 

-  0.4  '  -i\  H  ■!  rj|Hji  e?,..  ;  H  ‘  of,  e  -  of  |*i444*-'4. 
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(3)  Formation  of  mbterranean  channds  and  caverns. — Measurement  of 
the  yearly  amount  of  mineral  matter  brought  up  to  the  surface  by  a 
spring,  furnishes  an  approximate  idea  of  the  extent  to  which  underground 
rocks  undergo  continual  loss  of  substance.  The  warm  springs  of  Bath, 
for  example,  with  a  mean  temperature  of  120"'  Fahr.,  are  impregnated 
with  sulphates  of  lime  and  soda,  and  chlorides  of  sodium  and  magnesium. 
Sir  A.  C.  Ramsay  estimated  their  annual  discharge  of  mineral  matter 
to  be  equal  to  a  square  column  9  feet  in  diameter  and  140  feet  in  height. 
Again,  the  St.  Lawrence  spring  at  Loueche  (Leuk)  discharges  every 
year  1620  cubic  metres  (2127  cubic  yards)  of  dissolved  sulphate  of 
lime,  equivalent  to  the  lowering  of  a  bed  of  gypsum  one  square  kilometre 
(0*3861  square  mile)  in  extent,  more  than  16  decimetres  (upwards  of  five 
feet)  in  a  century.^ 


Fig.  110.— Section  of  n  Limestone  Cavern  (/L). 

ll^  K  liineBtone  hill,  perforaUMl  by  a  cavern  {!>  If)  which  conimnuicate.s  with  the  valley  (c)  by  an  opening 
(a).  The  bottom  of  the  cavern  i«  cov(^rc(l  with  os.siferous  loam,  above  which  lie.s  a  layer  of  stalag¬ 
mite  (f/  <l),  while  stalac.tit(‘.s  hang  from  the  i'o(jf,  and  by  joining  the  Hour  separate  the  cavern  into 
two  chamberH.  ,  , 


JBy  prolonged  abstraction  of  this  nature,  subterranean  tunnels,  channels 
and  caverns  have  been  formed.  In  regions  abounding  in  rock-salt  deposits, 
the  result  of  the  solution  and  removal  of  these  by  underground  water  is 
visible  in  local  sinkings  of  the  ground  and  the  conseipient  formation  of 
pools  and  lakes.  The  landslips  and  meres  of  Cheshire  are  illustrations  of 
this  process.  In  that  county,  owing  to  the  pumping  out  of  the  brine  in 
the  manufacture  of  salt,  tracts  of  ground  sometimes  more  than  100  acres 
in  extent  have  sunk  down  and  become  the  sites  of  lakes  of  varying  depth, 
some  being  45  feet  deep.**^  In  calcareous  districts,  still  more  striking  effects 
are  observable.  The  ground  may  there  be  found  drilled  with  vertical 
cavities  {swallow-holes.,  sinlcSy  dolinas),  by  the  solution  of  the  rock  along  lines 
of  joint  or  of  faults  that  serve  as  channels  for  descending  rain-water.  The 
line  of  outcrop  of  a  limestone-band,  among  non-calcareous  strata,  may 
often  be  traced,  even  under  a  covering  of  superficial  deposits,  by  its  row 
of  Iwallow-holes.  Surface-drainage,  thus  intercepted,  passes  at  once  under 
ground,  where,  in  course  of  time,  an  elaborate  system  of  spacious  tunnels 

^  E.  KecIUH,  *  La  Terre, '  i.  p.  HO. 

“  T.  Ward,  “History  and  Cau.se  of  the  Suhsidences  ut  Northwicli,  &c.”  1887,  < ileal. 
Mofj.  1887,  p.  517. 
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and  chambers  may  be  dissolved  out  of  the  solid  rock  (Fig.  112)d  Such 
been  the  origin  of  the  Peak  caveriiB  of  Derbyshire,  the  intricate  grottos 
of  Antiparos  and  Adelsberg,  and  the  vast  labyrinths  of  the  Mammoth 
Cave  of  Kentucky.-  In  the  course  of  time,  the  underground  rivers  open 
out  neAv  courses,  and  leave  their  old  ones  dry,  as  the  Poik  has  done  at 
Adelsberg.  By  the  falling  in  of  the  roofs  of  caverns,  or  the  widening  of 
the  fissures  that  reach  up  to  the  soil,  a  communication  is  estaljlished  with 
the  surface,  and  land-shells  and  land-animals  fall  into  the  holes, or  the 
caverns  are  used  as  dens  by  beasts  of  prey,  so  that  the  remains  of 
terrestrial  animals  are  preserved  under  the  stalagmite.  K ot  unfrequently 
caverns,  once  open  and  freely  used  as  haunts  of  carni^'ora,  har'e  had  their 
entrances  closed  by  the  fall  of  debris,  as  at  d  in  Fig.  Ill,  where  also  the 


1  11.— Section  of  a  LiIue^t()Ile  Caveru  U'ith  faUen-iu  roof'ainl  eoneealed  eiitraiicf*  (/>*,). 

partial  filling  up  of  a  cavern  {a  a)  from  the  same  cause  is  seen.  Where 
the  collapse  of  a  cavern  roof  takes  place  below  a  water-course^  the  stream 
is  engulfed.  In  this  way,  brooks  and  rivers  suddenly  disappear  from  the 
surface,  and  after  a  long  subterranean  course  issue  again  in  a  totally 
different  surface -area  of  river- drainage  from  that  in  which  they 
took  their  rise,  and  sometimes  with  volume  enough  to  be  n«uvigable 
almost  up  to  their  outflow.  In  such  circumstances,  lakes,  either 
temporary,  like  the  Lake  Zirknitz  in  Carniola,  or  perennial,  may  be 
formed  over  the  sites  of  the  hroken-in  cavei‘ns ;  and  valleys  may  thus  be 
deepened,  or  gorges  may  be  formed.*^  Mud,  sand  and  gravel,  with  the 
remains  of  plants  and  animals,  are  swept  below  ground,  and  sometimes 

^  For  accounts  of  the  remarkable  lioiieycoinl)ed  region  of  Carniola,  <S:c.,  see  Mfijswovics, 

^  Cxeologie  von  Bosnieii-Hercegovina,  ’  pp.  44-60;  Zeifscli.  Ihnttsch.  Alin^HTei-e/ms,  1880.  E. 
Tietze,  JaJirh.  (h’ol.  lieivhmnut.  xxx.  (1880),  j).  729,  and  pa})er.s  cited  by  liini.  E.  Keyer, 
“Studien  liber  das  Karst-relief,”  Mitt.  ties.,  Vienna,  1881.  (*.  Viola,  “  LaStriittura 

Carsica,”  /W/.  C<uii,  ikot.  It«L  xxviii.  (1897),  p.  147.  A.  Parat  on  this  structure  in  the 
Cure  and  Yoime,  Conyr.  keol.  Juternat.  Park,  1900,  ]).  419.  E.  Dupont  on  the  Kan -Rochefort 
district  of  Belgiiini,  J/ni.  >Sbc.  Bely,  iteol.  tome  vii.  1893. 

-  For  a  popular  account  of  caves,  see  F.  Kraus,  “Hdhlenkunde,”  Meiina,  1894  ;  H.  Kloos 
and  Max  Miiller  have  published  an  account  with  photographs  of  tlie  Herman’s  Cave  of 
Fiiibelaiid  in  Brunswick  (Weimar,  1889). 

As  a  good  example  of  this  result,  the  Ightham  fissure  and  its  abundant  animal  remains 
may  be  cited,  q.  J.  (K  S.  1.  (1894),  pp.  171-187,  188-211,  where  the  investigations  of 
Messrs.  Abbot  and  Newton  are  given.  Various  otlier  instances  will  be  cited  in  Book  VL 

^  See  interesting  accounts  by  M.  Martel  of  the  subterranean  channels  of  the  Gausses  or 
Jura.ssic  limestone  plateaux  of  (lard  and  Lozere  in  the  south  ^f  France,  and  of  the  formation 
of  eahons  there.  Cimy>L  rend.  1888.  B.  S.  (t.  E.  xvii.  (1889),  p.  610. 
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aficumulate  in  deposits  of  loam  and  breccia,  such  as  are  so  often  found  in 
ossiferous  caverns  (Figs.  110,  111). 

As  from  time  to  time  the  roofs  of  underground  chambers,  weakened 
by  the  constam-c  abstraction  of  mineral  matter,  collapse,  or  large  portions 
are  detached  from  them  and  fall  on  the  floors  below,  sudden  shocks  are 
generated  which  are  felt  above  ground  as  earthquakes.  In  subsiding  to 


Fij^.  112. —Section  of  tine  Cliaiincl  of  an  Finler^round  Stivaiiu 


fill  up  hoEows  from  which  the  rock  has  lieen  removed  in  solution,  the 
overlying  strata  may  he  greatly  cbntorted  and  fractured,  those  under¬ 
neath  remaining  undisturbed. 

2.  Mechanical  Action. — In  its  jiassage  along  fissures  and  channels, 
underground  water  not  merely  dissolves  and  removes  mineral  sul)stances 
in  solution,  it  likewise  loosens  finer  particles  and  carries  them  along  in 
mechanical  suspension.  This  removal  of  material  sometimes  produces 
remarkable  surface-changes  along  the  sides  of  steep  slopes  or  cliffs.  A 
thin  porous  layer,  such  as  loose  sand  or  ill-compacted  sandstone,  lying 
between  more  impervious  rocks,  such  as  masses  of  clay  or  limestone,  and 
sloping  down  from  higher  ground,  so  as  to  come  out  to  the  surface  near 
the  base  of  a  line  of  abrupt  cliff,  serves  as  a  channel  for  underground 
water  which  issues  in  springs-  or  in  a  moi*e  general  oozing  at  the  foot  of 
the  declivity.  Under  these  cireiimstanoes  the  support  of  the  overlying 
mass  of  rock  is  apt  to  he  loosened  ;  for  the  water  not  only  removes  piece- 
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meal  the  sandy  layer  on  which  that  overlying  mass  rests,  hut,  as  it  were, 
lubricates  the  rock  underneath.  Consequently,  at  intervals,  portions  of 
the  upper  rock  break  off  and  slide  down  into  the  valley  or  plain  below. 
Such  dislocations  are  known  as  landslips  or  landslides!  The  movement 
may  be  gradual,  as  in  the  case  of  the  Bee  Eouge  in  the  Tarentaise,  where 
the  side  of  the  mountain  is  slowly  overwhelming  the  village  of  Miroir,- 
or  it  may  lie  sudden  and  disastrous. 

Where  landslips  have  been  started  initially  by  a  shattering  of  the 
ground  during  an  earthquake  shock  {ante^  p.  372),  the  subsequent  progress 
of  slipping  may  be  largely  due  to  the  influence  of  underground  water  and 
general  atmospheric  disintegration.  Illustrations  of  this  combination  of 
causes  resulting  in  extensive  disturbance  of  the  sides  of  mountains  and 
valley  slopes  appear  to  be  furnished  by  the  high  grounds  of  Colorado  so 
well  described  by  Mr.  Whitman  Cross.  ^ 

Along  sea-coasts  and  river- valleys  at  the  base  of  cliffs  subject  to  continual  or  frequent 
removal  of  material  by  running  water,  the  phenomena  of  landslips  are  best  seen.  The 

coast-line  of  the  British  Islands  abounds  with 
instructive  examples.  On  the  shores  of  Dorset- 
shire,  for  instance  (Fig.  113),  impervious  Liassic 
^  clays  [a)  are  overlain  by  porous  greensand  (Jj), 
above  which  lies  chalk  (c)  capped  with  gravel  id)* 
In  consequence  of  the  percolation  of  water 
— A-ZIiy  through  the  sandy  zone  (b),  the  support  of  the 

— — (I  overlying  mass  is  destroyed,  and  hence,  from 
Fig.  ll3.-Scction  of  LamUlii.  forming  .segments  are  launched  down  to- 

imdereliff,  Pinliay,  Lynie-Regis  (R).  wards  the  sea.  In  this  way,  a  confused  medley 

of  mounds  and  hollows  (/)  forms  a  characteristic 
strip  of  ground  termed  the  TJndercliff  ”  on  this  and  other  parts  of  the  English  coasts.  This 
recession  of  the  upper  or  inland  cliff  through  the  operation  of  springs  is  here  more  rapid 
than  that  of  the  lower  clitf  {(j)  washed  by  the  sea.^  In  the  year  1839,  after  a  season  of 
wet  weather,  a  mass  of  chalk  on  the  same  coast  slipped  over  a  bed  of  clay  into  the  sea, 
leaving  a  rent  three-quarters  of  a  mile  long,  150  feet  deep,  and  240  feet  wide.  The 
shifted  mass,  bearing  with  it  houses,  roads,  and  fields,  was  cracked,  broken,  and  tilted 
in  various  directions,  and  was  thus  prepared  for  further  attack  and  removal  by  the 
waves.®  In  February  1891  a  mass  of  chalk-cliff  calculated  to  contain  some  10,000  tons 
of  material  gave  way  on  the  cliffs  to  the  east  of  Brighton,  and  fell  to  the  beach,  breaking 


^  Baltzer,  in  his  work,  Ueber  Bergsturze  iu  den  Al^jeii  ”  (Ziirich,  1875),  classifies 
Swiss  landslips  into  four  categories,  viz.  :  1st,  Rock-falls  (Felssttirze)  ;  2ncl,  Earth-slips 
(Erdsebliffe)  ;  3rd,  Mud-streams  (Schlammstrome),  where  soft  strata  saturated  with  water 
are  crushed  by  the  weight  of  overlying  rock  and  move  down  in  mass,  like  lava  ;  4th,  Mixed 
falls  (gemischte  Stiirze),  where,  as  in  most  instances,  rock,  earth,  and  mud  are  launched 
down  the  declivities.  More  recently  he  has  offered  another  classification  of  landslips, 
according  to  the  dimensions  of  the  mass  moved  and  the  solid  or  muddy  condition  of 
the  material:  Neifes  Jahrb.  1880  (ii. ),  p.  198.  See  A.  Bothpletz,  Z,  D.  (L  (L  1881,  p. 
540;  also  ciL  1882,  pp.  430,  435.  E.  Buss  and  A.  Heim,  '^Der  Bergsturz  von 
Elms,’  Zurich,  1881. 

2  L.  Borrell,  B,  S.  a.  F.  ser.  3,  vi.  (1877),  p.  47. 

»  21st  Ann.  lie^L  U.  S.  d.  S.  1900,  pp.  129-157. 

^  De  la  Beche,  ‘  Geol.  Observer,’  p.  22. 

®  Conybeare  and  Buckland’s  ‘Axmouth  Landslip,’  London,  1840.  Lyell,  ‘Principles,’ 
i.  p.  536. 
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away  part  of  the  main  road  above.  In  March  1893,  by  an  extensive  slipping  of  the 
Lower  Greensand  towards  the  beach,  a  large  part  of  the  town  of  Sandgate  on  the  coast  of 
Kent  was  destroyed.  The  anticpiity  of  many  landslips  is  shown  by  the  ancient  build¬ 
ings  occasionally  to  be  seen  upon  the  fallen  masses.  The  undercliff  of  the  Isle  of 
Wight,  the  cliffs  west  of  Brandon  Head,  county  Kerry,  the  basalt  escarpments  of 
Antrim,  and  the  edges  of  the  great  volcanic  plateaux  of  Mull,  Skye  and  Kaasay, 
furnish  illustrations  of  such  old  and  prehistoric  landslips. 

On  a  more  imposing  scale,  and  interesting  from  its  melancholy  circumstances  being 


so  well  known,  was  the  celebrated  fall  of  the  Kossberg,  a  mountain  («,  Tig.  114)  situated 


behind  the  Rigi  in  Switzerland,  rising  to  a  height  of 
more  than  5000  feet  above  the  sea.  After  the  rainy 
Slimmer  of  1806,  a  large  part  of  one  side  of  the 
mountain,  consisting  of  steeply  sloping  beds  of  hard 
red  sandstone  and  conglomerate  (&),  resting  upon  soft 
sandy  layers  {c  c),  gave  way.  The  lubrication  of  the 
lower  surface  by  the  water  having  loosened  the 
cohesion  of  the  ov(udying  mass,  thousands  of  tons  of 


114.~Section  illustrating  tlie 
fall  of  tlie  Rossberg. 


solid  rock,  set  loose  by  mere  gravitation,  suddenly 


swe]>t  across  the  valley  of  Goldaii  (d),  hurying  about  a  square  German  mile  of  fertile 
land,  four  villages  containing  330  cottages  and  outlxonses,  with  457  inhabitants.^  In 
1855  a  mass  of  debris,  3500  feet  long,  lOOO  feet  wide,  and  600  feet  high,  slid  into  the 
valley  of  the  Tiber,  which,  dammed  back  by  the  obstruction,  overflowed  the  village  of 
San  Stefano  to  a  de])th  of  50  feet,  until  drained  oft'  by  a  tunnel. 


Gigantic  landslii>s  have  from  time  to  time  taken  place  on  the  line  of  the  Canadian 
Pacific  Railway.  Owing  to  irrigation  of  the  sides  of  the  valley  of  the  Thompson  River, 
the  upper  sandy  deposits  that  overlie  the  boulder-clay  become  saturated  and  finally  give 
way,  rusliing  (lown  to  the  river  below.  In  1881  one  slide  was  estimated  to  contain  a 


mass  of  100,000,000  tons  of  dislodged  material.'-^  The  heavy  rainfall  of  India  frequently 
gives  ris(^  to  (extensive  and  disastrous  landslips. 


§  3.  Brooks  and  liivers. 

These  will  be  considered  under  four  aspects: — (1)  sources  of  supply, 
(2)  discharge,  (3)  flow,  and  (4)  geological  action.'* 

1.  Sources  of  Supply. — Eivers,  as  the  natural  drains  of  a  land- 
surface,  carry  out  to  sea  the  surplus  water  after  evaporation,  together 
with  a  vast  amount  of  material  worn  off  the  land.  Their  liquid  contents 
are  derived  partly  from  rain  (including  mist  and  dew)  and  melted  snow, 
partly  from  springs.  In  a  vast  river-system,  like  that  of  the  Mississippi, 
where  the  area  of  drainage  is  so  extensive  as  to  embrace  different 
climates  and  varieties  of  rainfall,  the  amount  of  discharge,  being  in  a 
great  measure  independent  of  local  influences  of  weather,  remains 

^  Zay,  ‘Goldau  und  Heine  Gegend.’  Baltzer,  Neves  Jahrh.  1875,  p.  15.  Upwards  of 
150  (leHtructivc  landslipH  have  been  chronicled  in  Switzerland.  Biedl,  Neues  Jahrh.  1877, 
p.  916. 

K.  B.  Stanton,  ^Min.  Jn.si.  (Jiv.  Mngin.  cxxxii.  (1897). 

Accounts  of  these  arc  to  bo  found  in  the  Reports  of  the  Oeol.  Sitrv.  India  ;  Nature,  1. 
(1894),  p.  231,  Tor  descriptions  of  Norwegian  landslips,  see  No.  27  of  the  Reports  of  the 
‘'Nifrges  (kul.  VuderslUj.  by  P.  J.  Trils  (1898)  and  H.  Reuscli  in  Aarbog  for  1900. 

**  An  excellent  monograph  on  a  river  is  C.  Leutheric’s  ‘  Le  Rhone,  Histoire  d'un  Fleuve,’ 
2  vols.,  Paris,  1892.  See  also  ‘River  Levelopnient  as  illustrated  by  tbe  Rivers  of  N. 
Amen(ja,'by  L  C.  Russell  (ITogressive  Science  Series),  pp.  xv,  327. 
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tolerably  uniform,  or  is  subject  to  regular,  periodically  recurrent  varia¬ 
tions.  In  smaller  rivers,  sucb  as  those  of  Britain,  whose  basins  lie  in  a 
region  having  the  same  general  features  of  climate,  the  quantity  of  water 
is  regulated  by  the  local  rainfall.  A  wet  season  swells  the  streams,  a 
dry  one  diminishes  them.  Hence,  in  estimating  and  comparing  the 
geological  work  done  by  different  rivers,  we  must  take  into  account 
whether  or  not  the  sources  of  supply  are  liable  to  occasional  great 
augmentation  or  diminution.  In  some  rivers,  there  is  a  more  or  less 
regularly  recurring  season  of  flood  followed  by  one  of  drought.  The 
Nile,  fed  by  the  spring  rains  of  Abyssinia,  floods  the  plains  of  Egypt 
every  summer,  rising  in  Upper  Egypt  from  30  to  35  feet,  at  Cairo  23  to 
24  feet,  and  in  the  seaward  part  of  the  delta  about  4  feet.  The  Ganges 
and  its  adjuncts  begin  to  rise  every  April,  and  continue  doing  so  until 
the  plains  are  converted  into  a  vast  lake  32  feet  deep.  In  other  rivers, 
sudden  and  heavy  rains,  occurring  at  irregular  intervals,  swell  the  usual 
volume  of  water  and  give  rise  to  floods,  freshets  or  “  spates.”  This  is 
markedly  the  case  with  the  rivers  of  Western  Europe.  Thus  the  Khone 
sometimes  rises  11^  feet  at  Lyons  and  23  feet  at  Avignon;  the  Saone 
from  20  to  24|-  feet.  In  the  middle  of  March  1876,  the  Seine  rose  20 
feet  at  Paris,  the  Oise  17  feet  near  Compi^gne,  the  Marne  14  feet  at 
Damery.  The  Ardeche  at  Gournier  exceeded  a  rise  of  69  feet  during  the 
inundations  of  1827.^  The  causes  of  floods,  not  only  as  regards  meteoro¬ 
logical  conditions,  but  in  respect  to  the  geological  structure  of  the 
ground,  merit  the  careful  attention  of  the  geological  student.  He  may 
occasionally  observe  that,  other  things  being  equal,  the  volume  of  a  flood 
is  less  in  proportion  to  the  permeability  of  a  hydrographic  basin,  and  the 
consequent  ease  with  which  rain  can  sink  beneath  the  surface. 

Were  rivers  entirely  dependent  upon  direct  supplies  of  rain,  they 
would  only  flow  in  rainy  seasons  and  disappear  in  drought.  This  does 
not  happen,  however,  because  they  derive  much  of  their  water  not 
directly  from  rain,  but  indirectly  through  the  intermediate  agency  of 
springs.  Hence  they  continue  to  flow  even  in  very  dry  weather,  because, 
though  the  superficial  supplies  have  been  exhausted,  the  underground 
sources  still  continue  available.  In  a  long  drought,  the  latter  begin  at 
length  to  fail,  the  surface  springs  ceasing  first,  and  gradually  drying  up 
in  their  order  of  depth,  until  at  last  only  deep-seated  springs  furnish  a 
perhaps  daily  diminishing  quantity  of  water.  Though  it  is  a  matter  of 
great  economic  as  well  as  scientific  interest  to  know  how  long  any  river 
would  continue  to  yield  a  certain  amount  of  water  during  a  prolonged 
drought,  no  rule  seems  possible  for  a  generally  applicable  calculation, 
every  area  having  its  own  peculiarities  of  underground  drainage,  and 

^  For  a  graphic  account  of  rivers  swollen  by  heavy  rainfall,  see  Sir  T.  I).  Lauder’s 
‘Morayshire  Floods.’  On  torrents,  consult  Surell  and  Cezanne,  ‘ lltudes  sur  les  Torrents  des 
Hautes  Alpes.’  The  rivers  of  the  United  States  have  been  made  the  subject  of  detailed 
observation  for  some  years  past,  and  the  voluminous  results  of  their  measurements  will  be 
found  in  the  volumes  containing  the  hydrographic  work  of  the  Geological  Survey.  See  for 
example  18th  Ann.  Rep.  (1898),  where  more  than  400  pages  are  devoted  to  the  subject. 
The  19th  and  20th  Keports  are  even  more  copious.  See  also  Bulletins^  Nos.  131  and  140. 


DISGHARGJS  OF  RIVERS 


483 


SECT,  ii  §  3 

varying  greatly  from  year  to  year  in  the  amount  of  rain  which  is 
absorbed.  The  river  Wandle,  for  instance,  drains  an  area  of  51  square 
miles  of  the  chalk  downs  in  the  south-east  of  England.  For  eighteen 
months,  from  May  1858  to  October  1859,  as  tested  by  gauging,  there 
was  very  little  absorption  of  rainfall  over  the  drainage  basin,  and  yet  the 
minimum  recorded  flow  of  the  Wandle  was  10,000,000  gallons  a  day, 
which  represents  not  more  than  *4090  inch  of  rain  absorbed  on  the  51 
square  miles  of  chalk.  The  rock  is  so  saturated  that  it  can  continue  to 
supply  a  large  yield  of  water  for  eighteen  months  after  it  has  ceased  to 
receive  supplies  from  the  surface,  or  at  least  has  received  only  very  much 
diminished  supplies.^ 

2.  Discharge. — What  proportion,  of  the  total  rainfall  is  discharged  by 
rivers  is  another  question  of  great  geological  and  industrial  interest. 
From  the  very  moment  that  water  takes  visible  form,  as  mist,  cloud,  dew, 
rain,  snow  or  hail,  it  is  subject  to  evaporation.  When  it  reaches  the 
ground,  or  flows  ofl*  into  brooks,  rivers,  lakes  or  the  sea,  it  undergoes 
continual  diminution  from  the  same  cause.  Hence  in  regions  where  rivers 
receive  no  tributaries,  they  grow  smaller  in  volume  as  they  move  onward, 
till  in  dry,  hot  climates  they  even  disappear.  Apart  from  temperatui*e, 
the  amount  of  evaporation  is  largely  regulated  by  the  nature  of  the 
surface  from  which  it  takes  place,  one  soil  or  rock  differing  from  another, 
and  all  of  them  probably  from  a  surface  of  water.  Full  and  detailed 
observations  are  still  wanting  for  determining  the  relation  of  evaporation 
to  rainfall  and  river  discharge.^  During  severe  storms  of  rain,  the  water 
discharged  over  the  land  finds  its  way,  to  a  very  large  extent,  at  once 
into  brooks  and  rivers,  by  which  it  reaches  the  sea.  Mr.  David  Stevenson 
remarks  that,  according  to  different  observations,  the  amount  carried  off 

^  Lucas,  ‘Horizontal  Wells,’  London,  1874,  pp.  40,  41.  See  also  Braitliwaite,  3Iin.  Froc. 
hint.  Civ.  Encjin.  xx.  Lawes  and  Gilbert,  on  the  percolation  of  rain  through  soils  and  chalk, 
Mi/i.  Froc.  Inst.  Civ.  Rngin.  xlv.  p.  ‘208  ;  see  also  Greaves,  o^.  cit.  p.  19.  Gilbert,  ojv.  cit. 
cv.  (1891),  part  iii. 

“  In  the  present  state  of  our  information  it  seems  almost  useless  to  state  any  of  the 
results  already  obtained,  so  widely  discrepant  and  irreconcilable  are  th§y.  In  some  cases, 
the  evaporation  is  given  as  usually  three  times  the  rainfall :  and  that  evaporation  always 
exceeded  rainfall  was  for  many  years  the  belief  among  the  French  hydraulic  engineers.  (See 
Annates  des  Fotits-et-Ckaussees,  1850,  p.  383.)  Observations  on  a  larger  scale,  and  with 
greater  precautions  against  the  undue  heating  of  the  evaporator,  have  since  shown  that  as 
a  rule,  save  in  exceptionally  dry  years,  evaporation  is  lower  than  rainfall.  As  the  average 
of  ten  years  from  1860  to  1869,  Mr.  Greaves  found  that  at  Lea  Bridge  the  evaporation 
from  a  surface  of  water  was  20*946  inches,  while  the  rainfall  was  25*534  (Symons’s  British 
Rainfall  for  1869,  p.  162).  On  the  great  plains  of  the  United  States,  where,  outside  of  the 
humid  belt,  the  climate  is  dry,  the  average  annual  evaporation,  under  the  most  favourable 
condition  of  a  free  water  surface,  largely  exceeds  the  total  annual  precipitation,  being  in 
some  places  as  much  as  54*6  inches  against  20*4  inches  of  rainfall.  The  excess  is  observable 
even  in  the  wheat-growing  north-west.  On  the  other  hand,  at  New  Orleans  the  conditions 
are  reversed,  the  rainfall  amounting  there  to  60*3  inches,  while  the  evaporation  falls  to 
45*4  inches.  W.  D.  lohnaon,  21st  Ann.  Rep.  U.  S.  (}.  S.  1901,  part  iv.  “Hydrography,” 
p.  677.  But  we  still  need  an  accumulation  of  observations,  taken  in  many  different  situations 
and  exposures,  in  different  rocks  and  soils,  and  at  various  heights  above  the  sea.  (For  a 
notice  of  a  method  of  trying  the  evaporation  from  soil,  see  British  Rainfall^  1872,  p.  206.) 
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in  floods  varies  from  1  to  100  cubic  feet  per  minute  per  acred  In 
estimating  and  comparing,  therefore,  the  ratios  between  rainfall  and  river 
discharge  in  different  regions,  regard  must  be  had  to  the  nature  of  the 
rainfall,  whether  it  is  crowded  into  a  rainy  season  or  diffused  over  the 
year.  Thus,  though  floods  cannot  be  deemed  exceptional  phenomena, 
forming  as  they  do  a  part  of  the  regular  system  of  water-circulation  over 
the  land,  they  do  not  represent  the  ordinary  proportions  between  rainfall 
and  river  discharge  in  such  a  climate  as  that  of  Britain,  where  the  rain¬ 
fall  is  spread  more  or  less  equally  throughout  the  year.  According  to 
Beardmore’s  table, ^  the  Thames  at  Staines  has  a  mean  annual  discharge 
of  32*40  cubic  inches  per  minute  per  square  mile,  equal  to  a  depth  of  7*31 
inches  of  rainfall  run  off,  or  less  than  a  third  of  the  total  rainfall.  The 
data,  carefully  collected  by  Humphreys  and  Abbot  for  the  basin  of  the 
Mississippi  and  its  tributaries,  are  shown  in  the  subjoined  table  :  — 


Ratio  of  Disci  largo 
to  Rainfall. 


Ohio  River . 0*24 

Missouri  River . 0*15 

Upper  Mississippi  River  .  .  .  .  .  .0*24 

Small  Tributaries . 0  *90 

Arkansas  and  AVhite  River . 0*15 

Red  River . 0  *20 

Yazoo  River . 0*90 

St.  Francis  River . 0*90 

Entire  Mississippi,  exclusive  of  Red  River  .  .  .  0  *25 


In  the  Mississippi  basin,  one-fourth  of  the  rainfall  is  thus  discharged  into  the  sea. 
The  Elbe,  from  the  beginning  of  July  1871  to  the  end  of  June  1872,  was  estimated  to 
carry  off  at  most  a  quarter  of  the  rainfall  from  Bohemia.^  The  Seine  at  Paris  appears 
to  carry  off  about  a  third  of  the  rainfall.  In  Great  Britain  from  a  fourth  to  a  third 
part  of  the  rainfall  is  perhaps  carried  out  to  sea  by  streams.^ 

In  comparing  also  the  discharges  of  different  rivers,  regard  sliould  be  paid  to  the 
influence  of  geological  structure,  and  particularly  of  the  permeability  or  impermeability 
of  the  rocks,  as  regulating  the  supply  of  water  to  rivers.  Thus  tlie  Thames,  from  a 
catchment  basin  of  3670  square  miles  and  with  a  rainfall  of  27  imdies,  has  a  mean 
annual  discharge  at  Kingston  of  1250  millions  of  gallons  a  day,  and  rather  more  than 
688  millions  of  gallons  in  summer.  The  Severn,  on  the  other  hand,  which  gathers  its 


^  ‘Reclamation  and  Protection  of  Agricultural  Land,’  Edin.  1874,  p.  15. 

“  ‘  Hydrology,’ p.  201.  Comp.  Report  of  Royal  Commission  on  Water  Supply,  1869, 
p.  liii. 

‘Physics  and  Hydraulics  of  the  Mississipj)!  River,’  Washington,  1861,  p.  136.  For 
recent  detailed  measurements  of  the  discharge  of  rivers  in  the  United  States,  see  tlic  series 
of  hydrographic  reports  above  cited.  The  last  of  these  reports  Ann.  Rep.  1901,  part 
iv.)  contains  a  voluminous  record  and  discussion  of  the  subject. 

Verhandl.  Getl.  lieichsanstdt,  Vienna,  1876,  p.  173. 

®  In  mountainous  tracts  having  a  large  rainfall  and  a  short  descent  to  the  sea,  the  j)ro- 
pdrtton  of  water  returned  to  the  sea  must  be  very  much  greater  than  this.  Mr.  Bateman’s 
observations  for  seven  years  in  the  Loch  Katrine  district  gave  a  mean  annual  rainfall  of  87| 
inches  at  the  head  of  tlie  lake,  with  an  outflow  equivalent  to  a  depth  of  81*70  inches  of  rain 
removed  from  the  drainage  basin  of  7l|  square  miles.  See  a  paper  by  Graeve  on  the 
quantity  of  water  in  German  rivers,  and  on  the  relation  between  rainfall  and  discharge,  Der 
CivU-IngmmiT,  1879,  p.  591 ;  Nature,  xxiiL  p.  94.  J.  Murray,  Scott.  Geo<j.  May.  1887. 
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supplies  mainly  from  the  hard,  impervious  slate  hills  of  Wales,  has  a  drainage  area  above 
Gloucester  of  3890  S(iuare  miles,  with  an  average  rainfall  of  probably  not  less  than  40 
inches.  ^  Yet  its  daily  summer  discharge  does  not  amount  to  298  millions  of  gallons,  and 
its  minimum  sinks  as  low  as  100  millions  of  gallons,  while  that  of  the  Thames  in  the 
driest  season  never  falls  below  350  millions.  In  the  one  case,  the  water  is  stored  up 
within  the  rocks  and  is  dispensed  gradually  ;  in  the  other,  it  in  great  measure  runs  off  at 
oucc.^  It  is  likewise  deserving  of  note  that  the  operations  of  man,  particularly  in 
draining  hind  and  deforesting,  may  materially  alter  the  mean  level  of  a  river  and 
increase  the  volume  of  Hoods.  The  mean  levcd  of  the  Elbe  at  Dresden  is  said  to  have 
been  pereei)til)ly  diminished  by  human  interference,  while  in  the  Rhine  the  low-water 
level  has  been  lowered,  and  the  floods  have  been  augmented.^  The  (piantity  of  water 
poured  into  the  sea  by  tlie  largiu*  rivers  of  the  globe  varies  with  the  .^season  of  the  year. 
The  River  Plate  was  estimated  by  Bateman  to  discharge  in  dry  weather  670,000  cubic 
feet  per  second,  a  quantity  (i([ual  to  the  mean  volume  of  thirty-three  years  passing  down 
the  Mississippi,  while  the  mean  flood  of  the  Amazons  varies  from  2,700,000  to  3,510,000 
cubic  feet  per  second,  or  thirty- three  times  the  volume  of  the  hTile.''^ 

3.  Flow. — While,  in  obedience  to  the  law  of  gravitation,  a  river 
always  flows  from  higher  to  lower  levels,  great  variations  in  the  rate  and 
character  of  its  motion  are  caused  by  inequalities  in  the  angle  of  slope  of 
its  channel.  A  vertical  or  steeply  inclined  face  of  rock  originates  a  water¬ 
fall  ;  a  rocky  declivity  in  the  channel  gives  rise  to  rapids  ;  a  fiat  plain 
allows  the  stream  to  linger  with  a  scarcely  visible  current ;  Avbile  a  lake 
renders  the  flow  nearly  or  altogether  imperceptible.  Thus  the  rate  of 
flow  is  regulated  in  the  main  by  the  angle  of  inclination  and  form  of  the 
channel,  but  partly  also  by  the  volume  of  water,  an  increase  of  volume  in 
a  narrow  channel  increasing  the  rate  of  motion  even  without  an  increase 
of  slope.*^ 

The  course  of  a  great  river  may  be  divided  into  three  parts:  (1)  The 
Mountain  Tracks- — where,  amidst  clouds  or  snows,  it  takes  its  rise  as  a 
m(ire  hi*ook,  and,  fiid  by  innumerable  similar  torrents,  dashes  rapidly 
down  tlui  steep  sides  of  the  mountains,  leaping  from  crag  to  crag  in 
endless  cascades,  and  growing  every  moment  in  volume,  until  it  enters 
lower  ground.  (2)  The  Valley  Tracks — where,  now  flowing  through  lower 
hills  or  undulations,  the  stream  is  found  at  one  time  in  a  wide  fertile 
valley,  then  in  a  dark  gorge,  now  falling  headlong  into  a  cataract,  now 
ex  I  landing  into  a  liroad  lake.  This  is  the  part  of  its  career  where  it 
assumes  the  most  varied  aspects,  and  receives  the  largest  tributaries. 
(3)  Tlie  'Plain  Track, — where,  having  quitted  the  undulating  region,  the 
river  finally  emerges  upon  broad  plains,  probably  wholly  or  in  great  part 
Cfimposed  of  alluvial  formations  deposited  by  its  own  waters.  Here 
winding  sluggishly  in  wide  curves,  it  may  eventually  bifurcate,  as  it 
approaclies  the  sea  and  spreads  through  its  delta,  enclosing  tracts  of  flat 
meadow  or  marsh,  and  finally,  amid  banks  of  mud  and  mtid,  passing  out 
into  the  great  ocean.  In  Europe,  the  Rhine,  Rh6ne  and  Danube ;  in 

^  PmtwiMi,  J.  i^eol.  ,Soc.  xxviii.  p.  Ixv.  Compare  the  conditions  of  the  catchment 
basin  of  the  Seine  as  f^iven  by  A.  Delaire,  AnfL  Conserc.  Arts  et  Metiers,  No.  138,  p.  335. 

"  “Report  of  (Austrian)  Coniinittec  on  Diminution  of  Water  in  Springs  and  Rivers,*’ 
Proe.  f/isf.  (Ur,  Pnameers,  xlii.  (1875),  p.  271. 

T.  Mellard  Reade,  ‘Mlivers,”  Tmns,  Mjimrpool  Qml.  Boe.  1882. 

See  A.  I’ylor  on  the  laws  of  river-ac^on,  Geol.  1875,  p.  443. 
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Asia,  the  Ganges  and  Indus ;  in  America,  the  Mississippi  and  Amazon ; 
in  Africa,  the  Nile  and  Niger — illustrate  this  typical  course  of  a  great 
river. 

If  we  draw  a  longitudinal  section  of  the  course  of  any  such  river  or 
of  any  of  its  tributaries  from  its  source,  or  from  the  highest  peaks  around 
that  source,  to  its  mouth,  we  find  that  the  line  at  first  curves  steeply  from 
the  mountain  crests  down  into  the  valleys,  but  grows  less  and  less  inclined 
through  the  middle  portion,  until  it  finally  can  hardly  be  distinguished 
from  a  horizontal  line.  This  feature,  however,  is  not  confined  to  stream 
courses,  but  belongs  to  the  architecture  of  the  continents. 

It  is  evident  that  a  river  must  flow,  on  the  whole,  fastest  in  the  first 
portion  of  its  course,  and  slowest  in  the  last.  The  common  method  of 
comparing  the  fall  or  slope  of  rivers  is  to  divide  the  difference  of  height 
between  their  source  and  the  sea-level  by  their  length,  so  as  to  give  the 
declivity  per  mile.  This  mode,  however,  often  fails  to  bring  out  the  real 
resemblances  and  differences  of  rivers,  even  in  regard  to  their  angle  of 
slope.  For  example,  two  streams  rising  at  a  height  of  1000  feet,  and 
flowing  100  miles  to  the  sea,  would  each  have  an  average  slope  of  10  feet 
per  mile ;  yet  they  might  be  wholly  unlike  each  other,  one  making  its 
descent  almost  entirely  in  the  first  or  mountain  part  of  its  course,  and 
lazily  winding  for  most  of  its  way  through  a  vast  low  plain ;  the  other 
toiling  through  the  mountains,  then  keeping  among  hills  and  table-lands, 
so  as  to  form  on  the  whole  a  tolerably  equable  and  rapid  flow.  The  great 
rivers  of  the  globe  have  probably  a  less  average  slope  than  2  feet  per  mile, 
or  1  in  2640.  The  Missouri,  which  has  a  descent  of  28  inches  per  mile, 
is  a  tumultuous  rapid  current  even  down  as  far  as  Kansas  City.  The 
average  slope  of  the  channel  of  the  Thames  is  2 1  inches  per  mile  ;  of  the 
Shannon  about  1 1  inches  per  mile,  but  between  Killaloe  and  Limerick 
about  6|-  feet  per  mile;  of  the  Nile,  below  Cairo,  3*25  to  5*5  inches  per 
mile ;  of  the  Doubs  and  Ehdne,  from  Eesan9on  to  the  Mediterranean, 
24*18  inches  per  mile ;  of  the  Volga  from  its  source  to  its  mouth,  a  little 
more  than  3  inches  per  mile.  Higher  angles  of  descent  are  those  of 
torrents,,  as  the  Arve,  with  a  slope  of  1  in  616  at  Chamounix,  and  the 
Durance,  whose  angle  varies  from  1  in  467  to  1  in  208.  The  Colorado 
river  rushes  through  its  canons  with  an  average  declivity  of  7*72  feet  per 
mile,  or  1  in  683.  The  slope  of  a  navigable  river  ought  hardly  to  exceed 
10  inches  per  mile,  or  1  in  6336.^ 

But  not  only  does  the  rate  of  flow  of  a  river  vary  at  different  parts  of 
its  course,  it  is  not  the  same  in  every  part  of  the  cross-section  of  the  river 
taken  at  any  given  point  A  river  channel  (Fig.  115)  supports  a  succes¬ 
sion  of  layers  of  water  (a,  5,  c,  d),  moving  with  different  velocities,  the 
greatest  movement  being  at  the  centre  (d),  and  the  least  in  the  layer  which 
lies  directly  on  the  channel.  At  the  same  vertical  depth,  therefore,  the 
velocity  is  greater  in  proportion  as  the  point  approaches  the  centre  of  the 
stream.  The  water  next  the  sides  and  bottom  (a  a),  being  retarde”3^y 
friction  against  the  channel,  moves  less  rapidly  than  the  layers  (h  h,  c  c) 
towards  the  centre  (d).  The  central  piers  of  a  bridge  have  consequently 
^  D.  Stevenson,  ‘Canal  and  River  Engineering,’  p.  224. 
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a  greatei'  velocity  of  river-current  to  bear  than  those  at  the  banks.  The 
motion  of  the  surface-water,  however,  is  retarded,  on  the  other  hand,  by 
upward  currents,  generated  chiefly  by  irregularities  of  the  bottom.^  It 
follows  that  whatever  tends  to  diminish  the  friction  of  the  moving  current 
will  increase  its  rate  of  flow.  The  same  body  of  water,  other  conditions 
being  equal,  will  move  faster  through  a  narrow  gorge  with  steep  smooth 
walls  than  over  a  broad,  rough,  rocky  bed.  For  the  same  reason,  when 
two  streams  join,  their  united  current,  having  in  many  cases  a  channel 
not  much  larger  than  that  of  one  of  the  single  streams,  flows  faster', 
because  the  water  encounters  now  the  friction  of  only  one  channel.  The 
average  rate  of  flow  is  much  less  than  a  h  r  <?  c  h  a 
might  be  supposed,  even  in  what  are 
termed  swift  rivers.  A  moderate 

current  is  about  mile  in  the 

hour ;  even  that  of  a  torrent  does 
not  exceed  18  or  20  miles  in  the  hour. 

Mr.  D.  Stevenson  states  that  the  pik.  us.-cruss-scetiou  of  a  River, 
velocity  of  such  rivers  as  the  Thames,  the  Tay  or  the  Clyde  may  be 
found  to  vary  from  about  one  mile  per  hour  as  a  minimum  to  about  three 
miles  per  hour  as  a  maximum  velocity.^ 

It  may  be  remarked,  in  concluding  this  i3art  of  the  subject,  that 
elevations  and  depressions  of  land  must  have  a  powerful  influence  upon 
the  slopes  of  rivers.  The  upraising  of  the  axis  of  a  country,  by  increasing 
the  slope,  augments  the  rate  of  flow,  which,  on  the  contrary,  is  diminished 
by  a  depression  of  the  axis  or  by  an  elevation  of  the  maritime  regions. 

4.  Geological  Action. — Like  all  other  forms  of  moving  water,  streams 
have  both  a  chemical  and  mechmdeal  action.  The  latter  receives  most  atten¬ 
tion,  as  it  undoubtedly  is  the  more  important ;  but  the  former  ought  not 
to  be  omitted  in  any  survey  of  the  general  waste  of  the  earth’s  surface. 

i.  Chemical. — The  water  of  rivers  must  possess  the  powers  of  a 
chemical  solvent,  like  rain  and  springs,  though  its  actual  work  in  this 
respect  can  be  less  easily  measured,  seeing  that  river- water  is  directly 
derived  from  rain  and  springs,  and  necessarily  contains  in  solution 
mineral  substances  supplied  to  it  by  them.  Nevertheless,  that  streams 
dissolve  chemically  the  rocks  of  their  channels  can  be  strikingly  seen 
in  limestone  districts,  where  the  lower  portions  of  the  ravines  may  be 
found  enlarged  into  wide  cavities  or  pierced  with  tunnels  and  arches, 
pi'esenting  in  their  smooth  surfaces  a  great  contrast  to  the  angular,  jointed 
faces  of  the  same  rock  where  exposed  to  the  influence  only  of  the  weather.**^ 

l)aul)re(i  eiideavourcMl  to  illu.strate  the  ehemical  action  of  rivers  upon  their  transported 
])(*bl)lcis  by  (ixposing  anf^ular  fragments  of  felspar  to  prolonged  friction  in  revolving 
(•yliiider.s  of  sandstone  containing  distilled  water.  He  found  that  they  underwent  con¬ 
siderable  decomposition,  as  was  shown  by  the  presence  of  silicate  of  potash,  rendering  the 

^  .r.  Thomson,  Proc.  Hoy.  Hoc.  xxviii.  (1878),  p.  114.  Comp.  Collignon,  ‘Coiirs 
d’llydrauli<pi(‘,’  p.  .801. 

“  ‘Reclamation  of  Land,'  p.  18. 

For  an  illustration  of  this  action  by  the  Rhone  in  the  marine  molasse,  see  F.  Cuvier, 
Ihill.  Hoc.  Gfol.  France,  3me  ser.  viii.  p.  164. 
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water  alkaline.  Three  kilogrammes  of  felspar  fragments  made  to  revolve  in  an  iron 
cylinder  for  a  period  of  192  hours,  which  was  equal  to  a  journey  of  460  kilometres  (287 
miles),  yielded  2 '720  kilogrammes  of  mud,  while  the  five  litres  of  water  in  which  they 
were  kept  moving  contained  12*60  grammes  of  potash,  or  2*52  grammes  per  litre.^ 

The  mineral  matter  held  in  solution  in  river- water  is,  doubtless,  partly 
derived  from  the  mechanical  trituration  of  rocks  and  detritus ;  foi* 
Daubree’s  experiments  show  that  minerals  which  resist  the  action  of  acid 
may  be  slowly  decomposed  by  mere  mechanical  trituration,  such  as  takes 
place  along  the  bed  of  a  river.  But  in  sluggish  streams  the  main  supply 
of  mineral  solution  is  doubtless  furnished  by  springs. 

The  proportion  of  mineral  matter  in  river- water  varies  with  the 
season,  even  for  the  same  stream.  It  reaches  its  maximum  when  the 
water  is  mainly  derived  from  springs,  as  in  very  dry  weather  and  during 
frost;  it  attains  its  minimum  in  rainy  seasons  and  after  rain.^  Its 
amount  and  composition  depend  upon  the  nature  of  the  rocks  forming 
the  drainage-basin.  Where  these  are  on  the  whole  impervious,  the  water 
runs  off  with  comparatively  slight  abstraction  of  mineral  ingredients  ;  but 
where  they  are  permeable,  the  water,  in  sinking  through  them  and  rising 
again  in  springs,  dissolves  their  substance  and  carries  it  into  the  rivers. 

The  composition  of  the  liver-waters  of  Western  Europe  is  well  shown  by  niuneroiis 
analyses.  The  substances  held  in  solution  include  variable  proportions  of  the  atmo¬ 
spheric  gases,  carbonates  of  lime,  magnesia,  soda,  iron  and  ammonia  ;  silica  ;  peroxides 
of  iron  and  manganese ;  alumina ;  sulphates  of  lime,  magnesia,  potash  and  soda  ; 
chlorides  of  sodium,  potassium,  calcium  and  magnesium  ;  silicate  of  potash  ;  nitrates ; 
phosphoric  acid  ;  and  organic  matter.  The  minimum  projiortioii  of  mineral  matter 
among  the  analyses  collected  by  Bischof  was  2*61  in  100,000  parts  of  water  in  the  Moll, 
near  Heiligenhlut — a  mountain  stream  3800  feet  above  the  sea,  flowing  from  the 
Pasterzen  glacier  over  crystalline  schists.  On  the  other  hand,  as  much  as  54*5  parts  in 
the  100,000  were  obtained  in  the  waters  of  the  Beuvronne,  a  tributary  of  the  Loire 
above  Tours.  The  average  of  the  whole  of  these  analyses  is  about  21  parts  of  mineral 
matter  in  100,000  of  water,  whereof  carbonate  of  lime  usually  forms  the  half,  its  mean 
quantity  being  11  Bischof  calculated  that,  assuming  the  mean  (piantity  of  carbonate 
of  lime  in  the  Rhine  to  he  9*46  in  100,000  of  water,  which  is  the  proportion  ascertained 
at  Bonn,  enough  of  this  substance  is  carried  into  the  sea  by  this  river  for  the  annual 
formation  of  three  hundred  and  thirty-two  thousand  millions  of  oystcr-shelLs  of  the 
usual  size.  The  mineral  next  in  abundance  is  sulidiate  of  lime,  which  in  some  rivers 
constitutes  nearly  half  of  the  dissolved  mineral  matter.  Less  in  amount  are  sodium 
chloride,'^  magnesium  carbonate  and  sulphate,  and  silica.  Of  the  last-named,  a  j)er- 
centage  amounting  to  4*88  parts  in  100,000  of  water  has  been  found  in  the  Rhine,  near 


^  ‘  Geologic  exp^rimentale,’  p.  271  ;  Fayol,  Bull.  Sac.  Qeol.  France,  3mc  ser.  xvi.  p.  996. 
p.  496. 

^  Roth,  ‘Chem.  Geoh’  i.  p.  454. 

^  Bischof,  ‘Chem.  GeoL’  i.  chap.  v.  Of  the  analyses,  chiefly  of  European  rivers, 
published  by  Roth,  the  mean  of  thirty-eight  gives  a  proportion  of  19*983  in  100,000  parts 
of  water.  Oj.).  cit,  p.  456.  Compare  I.  C.  Russell,  Bull.  U.  S.  (hd.  Burr.  1889  ;  A. 
Delebecque  on  the  composition  of  the  Dranse  and  Rhone,  ComN.  rend.  1894,  p.  86  ;  J. 
Hanamann,  “  Die  chernlsche  Beschaffenheit  der  flie.ssenden  Gewlisser  Bohmens,”  Archw  N/t. 
Landesdurchf.  Bolmien,  1894. 

^  On  the  variations  of  the  chlorine  in  the  Nile  and  Thames,  see  J.  A.  Wanklyn,  Chejji. 
Neios,  xxxii.  (1875),  pp.  207,  219. 
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Strasburg.^  The  largest  amount  of  alumina  was  0‘7l  in  the  Loire,  near  Orleans.  The 
proportion,  of  mineral  matter  in  the  Thames,  near  London,  amounts  to  about  33  parts  in 
100,000  of  \vater.‘-^ 

It  ref[uires  some  reflection  properly  to  appreciate  the  amount  of  solid  mineral  matter 
which  is  every  year  carried  in  solution  from  the  rocks  of  the  land  and  diffused  by  rivers 
into  the  sea.  Accurate  measurements  of  the  amount  of  material  so  transported  are  still 
much  required.  The  Thames  carries  past  Kingston  19  grains  of  mineral  salts  in  every 
gallon,  or  1502  tons  every  twenty-four  hours,  or  548,230  tons  every  year.  Of  this 
quantity  ahput  two-thirds  consist  of  carbonate  of  lime,  the  rest  being  chiefly  sulphate 
of  lime,  with  minor  proi)ortions  of  the  other  ordinary  salts  of  river- water.  Prestwich 
estimated  that  the  quantity  of  carbonate  of  lime  removed  from  the  limestone  areas  of  the 
Thames  basin  amounts  to  140  tons  annually  from  every  square  mile.  This  quantity, 
assuming  a  ton  of  chalk  to  measure  15  cubic  feet,  is  equal  to  a  loss  of  of  an  inch  from 
each  sijiiare  mile  in  a  century,  or  one  foot  in  13,200  years.^  According  to  monthly 
observations  and  estimates  made  in  the  year  1866  at  Lobositz,  near  the  exit  of  the  Elbe 
from  its  Bohemian  basin,  this  river  may  be  regarded  as  carrying  every  year  out  of 
Bohemia  from  an  area  of  880  German  square  miles,  or,  in  round  numbers,  20,000  English 
S(|uare  miles,  6,000,000,000  cubic  metres  of  water,  containing  622,680,000  kilogrammes 
of  dissolved  and  547,140,000  of  suspended  matter,  ora  total  of  1169  millions  of  kilo¬ 
grammes.  Of  tills  total,  978  millions  of  kilogrammes  consist  of  flxed  and  192  millions 
of  volatile  (chiefly  organic)  matter.  The  proportions  of  some  of  the  ingredients  most 
important  in  agriculture  were  estimated  as  follows;  lime,  140,380,000  kilogrammes; 
magnesia,  28,130,000;  potash,  54,520,000;  soda,  39,600,000;  chloride  of  sodium, 
25,320,000;  sulphuric  acid,  45,690,000;  phosphoric  acid,  1,500,000.^  The  Nile  in 
1874  was  ascertained  to  contain  a  proportion  of  dissolved  mineral  matter  which  varied 
from  13*614  to  20*471  in  every  100,000  parts  of  water,  thus  carrying  down  41  times 
more  matter  in  solution  in  flood  than  when  the  river  is  low.® 

Mr.  T.  Mellard  lieadc  has  estimated  that  a  total  of  8,370,630  tons  of  solids  in 
solution  is  every  year  removed  hy  running  water  from  the  rocks  of  England  and  M'ales, 
which  is  e<pnvahuit  to  a  general  lowering  of  the  surface  of  the  country,  from  that  cause 
alone,  at  a  rate  of  *0077  of  afoot  in  a  century,  or  one  foot  in  12,978  years.  The  same 
writer  compntes  the  annual  discharge  of  solids  in  solution  by  the  Rhine  to  be  equal  to 
92*3  tons  per  .S(piare  mile,  that  of  the  RhOne  at  Avignon  232  tons,  that  of  the  Danube 
72*7  tons,  and  that  of  the  Mississippi  120  tons.  He  supposes  that  on  an  average  over 
the  whole  world  there  may  he  every  year  dissolved  by  rain  about  100  tons  of  rocky 
matter  per  English  .square  mile  of  surface. 

If  the  average  proportion  of  mineral  matter  in  solution  in  river-water 
be  taken  «'xs  only  2  ];)arts  in  every  10,000  by  weight,  then  it  is  obvious 
that  in  every  *5000  years  the  rivers  of  the  globe  must  cany  to  the  sea 
their  own  weight  of  dissolved  rock. 

1  Of  the  total  solid  matter  dissolved  in  the  water  of  the  river  Uruguay  as  much  as  about 
46  per  cent  consists  of  soluBle  silica,  chiefly  as  hydrated  silicic  acid,  Hence  the  ‘‘  petrifying ” 
property  of  the  water.  J.  Kyle,  Ohwi.  Ncaos,  xxxviii.  (1878),  p.  28. 

‘•i  Bischof,  op.  et  loo,  ail.  ;  RoUi,  op.  clt.  I  p.  454.  For  composition  of  British  river- 
water,  see  Rircj's  Polluluj/i  (^o/umsslon  cited  on  p.  449. 

Q.  J.  (L  >V.  xxviii.  p.  Ixvii. 

**  Breitenlohner,  Verhand.  Goal.  .lieichsanst. ,  Vienna,  1876,  p.  1(2.  Taking  the 
978,000,000  kilogramnie.s  to  he  mineral  matter  in  solution  and  smspeiision,  this  is  equal  to 
an  annual  lo.s.s  of  about  48  tons  per  English  square  mile.  But  it  includes  all  the  materials 
discharged  by  the  drainage  of  an  abundant  population. 

®  T.  Mellard  Reade,  Trans.  Liverpool  (Jeol.  8oc.  1882. 

Addresses,  Lvmrpool  (leol.  Roc.  1876  and  1884. 
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ii.  Mechanical. — The  mechanical  work  of  rivers  is  threefold  :  (1) 
to  transport  mud,  sand,  gravel  or  blocks  of  stone  from  higher  to  lower 
levels ;  (2)  to  use  these  loose  materials  in  eroding  their  channels  ;  and  (3) 
to  deposit  the  sediment  where  possible,  and  thus  to  make  new  geological 
formations.^ 

1.  Transporting  Fower.^ — One  of  the  distinctions  of  river-water,  as 
compared  with  that  of  springs,  is  that  as  a  rule  it  is  less  transparent — in 
other  words,  contains  more  or  less  mineral  matter  in  suspension.^  A 
sudden  heavy  shower,  or  a  season  of  wet  weather,  suffices  to  render  turbid 
a  river  which  was  previously  clear.  The  mud  is  washed  into  the  main 
streams  by  rain  and  brooks,  but  is  partly  produced  by  the  abrasion  of  the 
water-channels  through  the  operations  of  the  streams  themselves.  The 
channels  of  the  mountain-tributaries  of  a  river  are  choked  with  large  frag¬ 
ments  of  rock  disengaged  from  cliffs  and  crags  on  either  side.  Traced 
downwards,  the  blocks  become  gradually  smaller  and  more  rounded. 
They  are  ground  against  each  other  and  upon  the  rocky  sides  and  bottom 
of  the  channel,  becoming  more  and  more  reduced  as  they  descend,  and  at 
the  same  time  abrading  the  rocks  over  or  against  which  they  are  driven. 
Of  the  detritus  thus  produced,  the  finer  portions  are  carried  in  suspension, 
and  impart  the  characteristic  turbidity  to  rivers ;  the  coarser  sand  and 
gravel  are  driven  along  the  river-bottom.^ 

The  presence  of  a  moving  stratum  of  coarse  detritus  on  the  bed  of  a 
brook  or  river  may  be  detected  in  transit,  for,  though  invisible  beneath 
the  overlying  discoloured  water,  the  stones  of  which  it  is  composed  may 
be  heard  knocking  against  each  other  as  the  current  sweeps  them  onward. 
Above  Bonn,  and  again  a  little  below  the  Lurelei  Kock,  while  drifting 
down  the  Ehine,  the  observer,  by  laying  his  ear  close  to  the  bottom  of 
the  open  boat,  may  hear  the  harsh  grating  of  the  gravel-stones  over  each 
other,  as  the  current  pushes  them  onwards  along  the  bottom.  On  the 
Moselle  also,  between  Cochem  and  Ooblentz,  the  same  fact  may  be  noticed. 

^  On  the  hehaviour  of  rivers,  consult  Dansse,  ‘  l^tndes  relatives  aux  Tnoiidations,’  Paris, 
1872. 

-  See  Login,  Eahtre,  i.  pp.  629,  654;  ii.  p.  72. 

The  brown  colour  of  river  or  estuary  -water  is  not  always  due  to  mud.  In  the  South¬ 
ampton  Water  it  is  caused  in  summer  by  the  presence  of  protozoa  [Pcredinivni  fiiscmn). 
A.  Angell,  Brit.  Assoc.  1882,  Sects,  p.  589. 

^  These  operations  of  running  water  may  be  studied  with  great  advantage  on  a  small 
scale,  where  brooks  descend  from  high  grounds  into  valleys,  rivers  or  lakes.  A  single  flood 
suffices  for  the  transport  of  thousands  of  tons  of  stones,,  gravel,  sand  and  mud,  even  by  a 
small  streamlet.  At  Lybster,  for  example,  on  the  coast  of  Caithness,  as  the  author  was 
informed  by  Mr.  Thomas  Stevenson,  C.E.,  a  small  streamlet  carries  down  annually  into  a 
harbour  which  has  there  been  made,  between  400  and  500  cubic  yards  of  gravel  and  sand. 
A  weir  or  dam  has  been  constructed  to  protect  the  harbour  from  the  inroad  of  the  coarser 
sediment,  and  this  is  cleaned  out  regularly  every  summer.  But  by  far  the  gi’eater  portion  of 
the  fine  silt  is  no  doubt  swept  out  into  the  North  Sea.  The  erection  of  the  artificial  barrier, 
by  arresting  the  seaward  course  of  the  gravel,  reveals  to  us  what  must  be  the  normal  state  of 
this  stream  and  of  similar  streams  descending  from  maritime  hills.  The  area  drained  by  the 
stream  is  about  four  square  miles  ;  consequently  the  amount  of  loss  of  surface,  which  is 
represented  by  the  coarse  gravel  and  sand  alone,  is  of  a-  foot  per  annum. 
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The  transporting  capacity  of  a  stream  depends  {a)  on  the  volume  and 
velocity  of  the  current,  (5)  on  the  size,  shape,  and  specific  gravity  of  the 
sediment,  and  (c)  partly  on  the  chemical  composition  of  the  water,  {a) 
According  to  the  calculations  of  Hopkins,^  the  capacity  of  transport 
increases  as  the  sixth  power  of  the  velocity  of  the  current ;  thus  the 
motive  power  of  the  current  is  increased  64  times  by  the  doubling  of  the 
velocity,  729  times  by  trebling,  and  4096  times  by  quadrupling  it.  If  a 
stream  which,  in  its  ordinary  state,  can  just  move  pebbles  weighing  an 
ounce,  has  its  velocity  doubled  by  a  flood,  it  can  then  sweep  forward 
stones  weighing  4  lb.  Mr.  David  Stevenson-  gives  the  subjoined  table 
of  the  power  of  transport  of  different  velocities  of  river  currents  : — 

In,  per  Mile  per 

Second.  Hour. 

3  =  0*170  will  just  begin  to  work  on  fine  clay. 

6  =  0'340  will  lift  fine  sand. 

8  =  0*4545  will  lift  sand  as  coarse  as  linseed. 

12  =  0*6819  will  sweep  along  fine  gravel. 

24  =  1*3638  will  roll  along  rounded  pebbles  1  incli  in  diameter. 

36  =  2*045  will  sweep  along  slippery  angular  stones  of  tlie  size  of  an  egg. 

It  is  not  the  surface  velocity,  nor  even  the  mean  velocity,  of  a  river  which 
can  be  taken  as  the  measure  of  its  power  of  transport,  but  the  bottom 
velocity — that  is,  the  rate  at  which  the  stream  overcomes  the  friction  of 
its  channel,  (h)  The  average  specific  gravity  of  the  stones  in  a  river 
ranges  between  two  and  three  times  that  of  pure  fresh  water  ;  hence  these 
stones  when  borne  along  by  the  river  lose  from  a  half  to  a  third  of  their 
weight  in  air.  Huge  blocks  which  could  not  he  moved  by  the  same 
amount  of  energy  applied  to  them  on  dry  ground,  are  swept  along  when 
they  have  found  their  way  into  a  strong  river-current.  The  shape  of  the 
fragments  greatly  affects  their  portability,  when  they  are  too  large  and 
heavy  to  lie  carried  in  mechanical  suspension.  Rounded  stones  are  of 
course  most  easily  transported :  fiat  and  angular  ones  are  moved  with 
comparative  difficulty  (see  p.  496).  (6)  Pure  water  will  retain  fine  mud 

in  suspension  for  a  long  time ;  hut  the  introduction  of  mineral  matter  in 
solution  diminishes  its  capacity  to  do  so,  probably  by  lessening  the  mole¬ 
cular  cohesion  of  the  liquid.  Thus  the  mingling  of  salt  with  fresh  water 
causes  a  rapid  precipitation  of  the  suspended  mud  (p.  511).  Probably 
each  variety  of  river-water  has  its  own  capacity  for  retaining  mineral 
matter  in  suspension,  so  that  the  mere  mingling  of  these  varieties  may  be 
one  cause  of  the  precipitation  of  sediment.^  In  some  experiments  made 

^  Q.  J.  Gcol.  Kon.  viii.  p.  xxvii. 

“  ‘Canal  and  RiviT  Kiigineeriiig,’  p.  315.  Bee  also  Thoulet,  Ann.  </eH  MineSy  1884, 
p.  507. 

^  T.  Bterry  Hunt,  Pror.  Boston  Nd.  Hist.  Soc.  1874  ;  W.  Durliain,  Cham.  Ne'irs,  xxx. 
(1874),  p.  57  ;  xxxvii.  (1878),  p.  47  ;  W.  Ramsay,  Quart.  Journ.  (feol.  Soc.  xxxii.  (1876), 
!>.  129  ;  (J.  Baras,  BaU.  U.  S.  (Hoi.  Sim\  No.  36  (1886),  No.  60  (1890),  p.  139  ;  Thoulet, 
Aum.  den  Mines,  xix.  (1891),  ]).  fj.  In  this  last  memoir  M.  Thoialet  conelndes  as  the  result  of 
his  experiinents  that  the  precipitation  of  clays  takes  place  in  fresh  w'ater  which  has  had  an 
ad<litiori  of  10  per  cent  of  sea-water  (and  consequently  of  density  equal  to  1*002)  exactly  as 
in  pure  sea-water,  and  that  this  observation  furnislies  a  measure  for  determining  the  true 


492 


DYNAMICAL  GEOLOGY 


BOOK  III  PART  II 


by  Mr.  L.  F.  Vernon-Har coart  it  was  found  that  silt  from  the  Dnieper 
took  20  minutes  to  subside  one  foot  in  distilled  water,  13  minutes  in 
water  from  the  Thames,  1 2  minutes  in  water  from  the  sea,  and  only  4 
minutes  in  a  saturated  solution  of  sea-salt.  Silt  from  the  Nile  treated  in 
the  same  way  sank  at  the  rates  of  3  days,  20  minutes,  13  minutes  and 
10  minutes  respectively  ,*  while  in  the  case  of  silt  from  the  Mississippi  the 
rates  were  57  minutes,  36  minutes,  30  minutes  and  9  minutes.^ 

Besides  inorganic  sediment,  rivers  may  contain  a  large  amount  of 
organic  matter.  The  most  obvious  examples  of  this  part  of  their  contents 
are  furnished  by  the  enormous  vegetable  accumulations  on  some  of  the 
larger  rivers.  The  sudd  ”  of  the  White  Nile  is  a  thick  mass  of  growing 
vegetation,  which  overspreads  and  conceals  the  river  and  has  been  a  great 
impediment  to  navigation,  though  a  track  has  now  been  cut  through  it.‘^ 
The  rafts  of  the  Mississippi,  Amazon,  Orinoco,  Congo  and  Ganges  are 
other  familiar  illustrations.  Even  where  the  raft  begins  by  the  accumula¬ 
tion  of  drift-wood,  when  embayed  or  ai'rested  in .  midstream,  it  is  soon 
covered  with  living  vegetation,  and  these  floating  islands  may  remain  for 
many  years,  rising  and  sinking  with  the  water  that  supports  them.  The 
Atchafalaya  has  been  so  obstructed  by  drift-wood  as  to  be  fordable  like 
dry  land,  and  the  Red  River  for  more  than  a  hundred  miles  flows  under 
a  matted  cover  of  dead  and  living  vegetation.  From  time  to  time  these 
floating  islands  break  loose  from  their  moorings  and  are  borne  down  by 
the  current.  They  are  sometimes  seen  fifty  or  a  hundred  miles  out  at 
sea  away  from  the  mouth  of  the  Ganges.  By  this  means  of  transport 
the  plants  and  animals  of  the  land  may  be  carried  to  distant  shores,  or 
their  remains  may  be  dispersed  over  the  sea-floor.^ 

But  besides  these  larger  forms  of  life,  minute  organisms  sometimes 
constitute  a  considerable  proportion  of  the  so-called  “  solid  impurity  ”  of 
river-water.  The  mud  of  the  Ganges,  for  instance,  is  estimated  to  contain 
from  12  to  25  per  cent  of  infusoria,  and  that  of  the  Nile  4 ‘6  to  10 
per  cent.^ 

Beyond  their  ordinary  powers  of  transport, 'rivers  gain  at  times  con- 

limits  of  tliti  ocean  and  the  continents.  See  also  L.  F.  Vernon-Harcourt,  “  E.xperimental 
Investigations  on  the  action  of  Sea-water  in  accelerating  tlie  deposit  of  River-silt  and  the 
formation  of  Deltas,”  JliJi.  Proc.  Inst.  Cii\  Mngin.  cxlii.  (1900),  part  iv.  This  subject  is 
now  undergoing  investigation  by  Professor  Joly,  “The  Inner  Meehanisin  of  Sedimentation, — 
Preliminary  Note,”  Proc.  Roy.  JJiMin  Soc.  ix.  (1900),  p.  325.  2'^ostect,  p.  511. 

^  O7;.  cit.  p.  10.  This  observer  experimented  also  with  solutions  of  various  strengths 
of  some  of  the  prevalent  salts  of  the  water  of  rivers  and  the  sea,  and  found  that  sulphates 
of  calcium  and  magnesium,  and  the  chlorides  of  potassium  and  magnesium,  surpass  sodium- 
chloride  in  their  influence  in  the  precipitation  of  hue  mechanical  sediment. 

“The  Sudd  of  the  White  Nile,”  Qeog.  Jonrn.  xv.  (1900),  p.  234. 

■’  Lyell,  ‘  Principles,’  vol.  ii.  p.  361. 

Ehrenberg  long  ago  remarked  that  the  calcareous  polythalamia  carried  into  the  sea  by 
the  Tiber  were  marine  forms  [Bericht  Alccul.  Berlin^  1855)  ;  and  more  recently  Professor 
Sollas  has  shown  that  in  the  chalk  districts  of  England  there  is  a  perceptible  transport  of 
nndissolved  coccoliths,  foraminifera  and  other  Cretaceous  organisms  carried  in  suspension 
in  the  streams.  Qeol.  Mag.  1900,  p.  248.  On  the  inundations  of  the  Tiber,  E.  Clerici,  Boll. 
Soc.  Qeol.  Ital.  xx.  (1901),  p,  131. 
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siderable  additional  force  from  several  causes.  Those  liable  to  sudden 
and  heavy  falls  of  rain,  or  to  a  rapid  augmentation  of  their  volume  by 
the  quick  melting  of  snow,  acquire  by  flooding  an  enormous  increase  of 
transporting  and  excavating  power.  More  work  may  thus  be  done  by  a 
stream  in  a  day  than  could  be  accomplished  by  it  during  months  of  its 
ordinary  condition.^  Another  cause  of  sudden  increase  in  the  efficacy  of 
river-action  is  provided  when,  from  landslips  formed  by  earthquakes,  by 
the  undermining  influence  of  springs,  or  otherwise,  a  stream  is  temporarily 
dammed  back,  and  the  barrier  subsequently  gives  way.  The  bimsting  out 
of  the  arrested  waters  produces  great  destruction  in  the  valley.  Blocks 
as  big  as  houses  may  be  set  in  motion,  and  carried  down  for  considerable 
distances.  Again,  the  transporting  power  of  rivers  may  be  greatly 
augmented  by  frost  (seep^ste,  p.  532).  Ice  forming  along  the  banks  or 
on  the  bottom  encloses  gravel,  sand,  and  even  blocks  of  rock,  which, 
when  thaw  comes,  are  lifted  up  and  carried  down  the  stream.  In  the 
rivers  of  Northern  Eussia  and  Siberia,  which,  flowing  from  south  to  north, 
have  the  ice  thawed  in  their  higher  courses  before  it  breaks  up  farther 
down,  much  disaster  is  sometimes  caused  by  the  piling  up  of  the  ice,  and 
then  by  the  bursting  of  the  impeded  river  through  the  temporary  ice- 
barrier.  In  another  way,  ice  sometimes  vastly  increases  the  destructive 
power  of  small  streams,  where  avalanches  (p.  5  3  4)  or  an  advancing  glacier 
cross  a  valley  and  pond  back  its  drainage.  The  valley  of  the  Dranse,  in 
Switzerland,  has  several  times  suffered  from  this  cause.  In  1818,  the 
glacier-barrier  extended  across  the  valley  for  more  than  half  a  mile,  with 
a  breadth  of  600  and  a  height  of  400  feet.  The  waters  above  the  ice- 
dam  accumulated  into  a  lake  containing  800,000,000  cubic  feet.  By  a 
tunnel  driven  through  the  ice,  about  two-fifths  of  the  water  were  drawn 
off,  when -the  dam,  weakened  by  the  enlargement  of  the  tunnel,  burst, 
carrying  havoc  into  the  lower  part  of  the  valley  and  the  plain  of  the 
Khone  near  .Martigny.  Fifty  lives  were  lost,  and  500  houses  and  chalets 
with  several  bridges  were  destroyed.^ 

The  amount  of  sediment  borne  downwards  by  a  river  is  not  necessarily 
determined  by  the  carrying  power  of  the  current.  The  swiftest  streams 
are  not  always  the  muddiest.  The  proportion  of  sediment  is  partly 
dependent  upon  the  hardness  or  softness  of  the  rocks  of  the  channel,  the 
number  of  tributaries,  the  nature  and  slope  of  the  ground  forming  the 
drainage-basin,  the  amount  and  distril^ution  of  the  rainfall,  the  size  of 
the  glaciers  (where  such  exist)  at  the  sources  of  the  river,  the  chemical 
composition  of  the  water,  and  probably  other  causes.  A  rainfall  spread 
with  some  uniformity  throughout  the  year  may  not  sensibly  darken  the 
rivers  with  mud,  but  the  same  amount  of  fall  cro\vded  into  a  few  days 
or  weeks  may  be  the  means  of  sweeping  a  vast  amount  of  earth  into  the 

‘  The  extent  to  wliich  heavy  rains  can  alter  the  usual  characters  of  rivers  is  forcibly 
exenipliiied  in  Sir  T.  Dick  Lauder’s  ‘The  Morayshire  Floods.’  In  the  year  1829  the  rivers 
of  that  region  rose  10,  18,  and  in  one  case  even  50  feet  above  their  common  summer  level, 
producing  almost  incredible  havoc.  See  also  G.  A.  Koch,  “Ueber  Murbriiche  in  Tyrol,” 
Jahrh,  GeoL  Rekhsanst.  xxv.  (1875),  p.  97. 

Bonney’s  ‘Alpine  liegions,’  p.  135. 
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rivers,  and  sending  them  down  in  a  greatly  discoloured  state  to  the  sea. 
Thus  the  rivers  of  India,  swollen  during  the  rainy  season  (sometimes  by 
a  rainfall  of  25  inches  in  40  hours,  as  at  the  time  of  the  destructive 
landslip  at  Naini  Tal  in  September  1880,  at  other  times  by  an  even 
heavier  downpour),  become  rolling  currents  of  mud.^ 

The  amount  of  mineral  matter  transported  by  rivers  can  be  estimated  by  examining 
their  waters  at  different  periods  and  places,  and  determining  their  solid  contents.  A 
complete  analysis  should  take  into  account  what  is  chemically  dissolved,  what  is 
mechanically  suspended,  and  what  is  driven  or  pushed  along  the  bottom.  We  have 
already  dealt  with  the  chemically  dissolved  ingredients.  In  determinations  of  the 
mechanically  mixed  constituents  of  river-water,  it  is  most  advantageous  to  obtain  the 
proportion  first  by  weight,  and  then  from  its  average  specific  gravity  to  estimate  its 
bulk  as  an  ingredient  in  the  water.  According  to  experiments  made  upon  the  water  of 
the  Rbdne  at  Lyons,  in  1844,  the  proportion  of  earthy  matter  held  in  suspension  was 
by  weight  Earlier  in  the  century  the  results  of  similar  experiments  at  Arles 

gave  proportion  when  the  river  was  low,  yI-w  during  floods,  and  in  the 

mean  state  of  the  river.  The  greatest  recorded  quantity  is  -N  hy  weight,  which  w^as 
found  “when  the  river  was  two- thirds  up,  with  a  mean  velocity  of  probably  about  8 
feet  per  second.”-  A.  Guerard,  who  has  more  recently  made  observations  at  the  mouth 
of  this  river,  estimates  the  total  annual  discliarge  of  sediment  to  amount  to  23,540,000 
cubic  yards,  or  of  the  volume  of  the  water. ^  Lombardini  gives  as  the 
proportion  by  volume  of  the  sediment  in  the  water  of  the  Po.  In  the  Vistula, 
according  to  Spittell,  the  proportion  by  volume  reaches  a  maximum  of  The  Rhine, 
according  to  Hartsoeker,  contains  by  volume  as  it  passes  through  Holland,  while 
at  Bonn  the  experiments  of  L.  Horner  gave  a  proportion  of  only  ^7  volume.*^ 

Stiefensand  found  that,  after  a  sudden  flooding,  the  water  of  the  Rhine  at  Uerdingen 
contained  by  weight.  Bischof  measured  the  quantity  of  sediment  in  the  same 
river  at  Bonn  during  a  turbid  state  of  the  water,  and  found  the  proportion  to  be 
xgVg-  by  weight ;  while  at  another  time,  after  several  weeks  of  continuous  dry  weather, 
and  when  the  water  had  become  clear  and  blue,  he  detected  only  In  the 

Meuse,  according  to  the  experiments  of  Chandellon,  the  maximum  of  sediment  in 
suspension  in  the  month  of  December  1849  was  xiVttj  the  minimum  Yiliuj  the 
mean  the  Elbe,  at  Hamburg,  the  proportion  of  mineral  matter  in  suspension 

and  solution  has  been  found  by  experiment  to  average  about  jAuv-  't'tie  Danube,  at 
Vienna,  yielded  to  Bischof  about  ot  suspended  and  dissolved  matter.®  The 

1  In  his  journeys  through  equatorial  Africa,  Livingstone  came  upon  rivers  which  appear 
usually  to  consist  more  of  sand  than  of  water.  He  describes  the  Zingesi  as  “  a  sand-rivulet 
in  flood,  60  or  70  yards  wide,  and  waist  deep.  Like  all  these  sand-rivers,  it  is  for  the  most 
part  dry  ;  but,  by  digging  down  a  few  feet,  water  is  to  be  found  which  is  percolating  along 
the  bed  on  a  stratum  of  clay.  In  trying  to  ford  it,”  he  remarks,  “I  felt  thousands  of 
particles  of  coarse  sand  striking  my  legs,  which  gave  me  the  idea  that  the  amount  of  matter 
removed  by  every  freshet  must  be  very  great.  .  .  .  These  sand-rivers  remove  vast  masses 
of  disintegrated  rock  before  it  is  fine  enough  to  form  soil.  In  most  rivers  where  much  wear¬ 
ing  is  going  on,  a  person  diving  to  the  bottom  may  hear  literally  thousands  of  stones 
knocking  against  each  other.” 

^  Surell,  ‘Mernoire  sur  rAmelioration  des  Embouchures  du  Rhone.’  Humphreys  and 
Abbot,  ‘  Report  upon  the  Physics  and  Hydraulics  of  the  Mississippi,’  1861,  p.  147. 

^  A/m.  Pwc.  Inst.  Civ.  Engin.  Ixxxii.  (1884-86),  p.  309. 

Ihid.  p.  148.  5  Edin.  New  Phil.  Journ.  xviii.  p.  102. 

^  ‘Chemical  Geology,’  i.  p.  122. 

AnnaUs  des  Travaux  jmUics  de  Belgigue,  ix.  p.  204. 

®  Op.  cit.  i.  p.  130.  More  recent  observations  by  Sir  Charles  Hartley  show  that  the 
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Durance  lias  ordinarily  a  maxiniuin  of  30  grammes  of  sediment  to  one  litre  of  water, 
or  -jiV  by  weight.  In  exceptional  floods  it  rises  to  lOO  grammes  per  litre  of  water, 
or  -jlV  weight.  In  extreme  low  water  the  proportion  ma}"  sink  to  about  ;  the 
average  for  nine  years  from  1867  to  1875  was  about  The  Garonne  is  estimated 

toeontain  perhaps  In  the  A.vou,  which  falls  into  the  Severn,  the  mean  amount 

of  suspended  mud  is  estimated  at  The  observations  of  Mr.  Everest  upon  the 

water  of  the  Ganges  show  that,  during  the  four  months  of  flood  in  that  river,  the 
proportion  of  earthy  matter  is  hy  weight,  or  by  volume;  and  that  the  mean 
average  for  the  year  is  --|b-  hy  weight,  or  xoVt  by  volume.^  According  to  Mr.  Login, 
the  waters  of  the  Irrawaddy  contain  iyVtt  hy  weight  of  sediment  during  floods, 
and  during  a  low  state  of  the  river.*''^  In  the  Mangtse  the  proportion  of  sediment 
by  weight  is  estimated  by  Mr.  H.  B.  Guppy  at  The  amount  in  the  water  of 

the  River  Plate  is  computed  to  be  YFm  'Ijy  ‘weight.'^  The  proportion  of  solid  matter 
carried  in  suspension  in  the  Hilew'as  in  Nay  1875  estimated  to  amount  to  4772  parts 
in  every  100,000  parts  of  water. 

With  regard  to  the  amount  of  coarser  and  heavier  sediment  pushed  along  the 
bottom  of  a  river  by  the  downward  current,  it  is  more  difficult  to  obtain  accurate 
measurements.  But  it  must  sometimes  constitute  a  large  proportion  of  the  total 
bulb  of  solid  material  discharged  into  the  sea.  In  the  case  of  the  hhoiie,  for  example, 
it  is  concluded  by  M.  Guerard  that  the  quantity  of  sand  rolled  along  tlie  hed  of  this 
river  into  the  Mediterranean  in  the  course  of  a  year  is  much  greater  than  the  lighter 
matter  held  in  suspension  in  the  water,  and  that  ‘‘  when  the  river,  on  approaching  the 
sea,  is  no  longer  confined  by  embankments,  the  greater  part  of  its  alluvium  is  rolled 
along  its  hed.”  In  flood-time  it  is  not  uncommon  for  whole  banks  of  sand  to  travel 
bodily  down  the  river.® 

As  already  pointed  out  (p.  491),  changes  in  the  quantity  and  nature  of  the  salts  held 
in  chemical  solution  in  river- water  affect  the  capacity  of  the  streams  for  the  transport 
of  mineral  matter  iu  suspension,  so  that  the  same  river  may  vary  in  this  respect  from 
one  part  of  its  course  to  another  according  to  the  chemical  composition  of  the  water  of 
its  tributaries.  But  probably  these  variations  are  on  the  whole  trifling  in  amount, 
and  far  below  the  result  attained  when  the  river-water  first  reaches  the  salt  water  of 
the  sea.  As  the  mean  of  many  observations  caiiied  on  continuously  at  rlifi  erent  parts  of 
the  Mississippi  for  months  together,  Humphreys  and  Abbot,  the  engineers  charged  with 
the  investigation,  found  that  tlie  average  proportion  of  sediment  contained  in  the  water 
of  this  river  is  xishur  ky  weight  or  by  volume. Hut  besides  the  matter  held  in 
suspeiKsioii,  they  observed  that  a  large  amount  of  coarse  detritus  is  constantly  being 
p)ushed  along  the  bottom  of  the  river.  They  estimated  that  this  moving  stratum 
carries  every  year  into  the  Gulf  of  Mexico  about  750,000,000  cubic  feet  of  sand,  earth 
and  gravel.  Their  observations  led  them  to  conclude  that  the  annual  discharge  of 
water  by  the  Mississippi  is  19,500,000,000,000  cubic  feet,  and  consequently  that  the 
weight  of  mud  aniinally  carried  into  the  sea  by  this  river  must  reach  the  sum  of 

mean  proportion  of  Bcdinient  by  weight  in  the  Danube  water  for  ten  years  from  1862  to 
1871  was  or  (at  specific  gravity  1*9)  -ssh-x  hy  volume. 

^  G.  'Wilson,  ATm.  Proc.  Inst.  Civ.  Engvri.  li.  (1877-78),  p.  216. 

Baunigarteu,  cited  by  Reel  us,  ‘  La  Terre.’ 

T.  Howard,  Brit.  Assoc.  1875,  p.  179. 

^  louTTi.  Asicdic  Society  ofC(dcutta,  March  1832.  ®  Proc.  lUy.  jSuc.  Fdin.  1857. 

Feature,  xxii.  p.  486.  According  to  Dr.  A.  Woeikoii;  this  estimate  is  much  under 
the  truth  :  xxiii.  p.  9.  See  also  oj).  ciL  p.  584. 

7  G,  Higgin,  JSfaiwe,  xix.  p.  555. 

^  Dr.  Letheby,  ^iid  Egy}}tmn  Irrigation  Report. 

®  Min.  Rroc.  2mL  Civ.  Ewjm.  Ixxxii.  (1884-85),  p.  309. 

‘  Report,’  p.  148.  The  specific  gravity  of  the  silt  of  the  Mississippi  is  given  as  1’9. 
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812,500,000,000  jiouiids.  Taking  the  total  annual  contributions  of  earthy  matter, 
whether  in  sus])eusion  or  moving  along  the  bottom,  they  found  them  to  equal  a  prism 
268  feet  in  height  with  a  base  of  one  square  mile. 

The  value  of  these  data  to  the  geologist  consists  mainly  in  the  fact  that  they 
furnish  him  with  mateiials  for  an  approximate  measurement  of  the  rate  at  which  the 
surface  of  the  land  is  lowered  by  subaerial  waste.  This  subject  is  discussed  at  p.  586. 

2.  Excmating  Power, — It  was  a  prominent  part  of  the  teaching  of 
Hutton  and  Playfair,  that  rivers  have  excavated  the  channels  in  which 
they  flow.  Experience  in  all  parts  of  the  world  has  confirmed  this 
doctrine.  The  mechanical  erosive  work  of  running  water  depends  for  its 
rate  and  character  upon  (a)  the  friction  of  the  detritus  driven  by  the 
current  against  the  sides  and  bottom  of  a  watercourse,  modified  by  (h) 
the  varying  declivity  and  the  geological  structure  of  the  ground. 

(a)  Driven  downward  by  the  descending  water  of  a  river,  the  loose 
grains  and  stones  are  rubbed  against  each  other,  as  well  as  upon  the 
rocky  bed,  until  they  are  reduced  to  fine  sand  and  mud,  and  the  sides 
and  bottom  of  the  channel  are  smoothed,  widened  and  deepened.  The 
familiar  effect  of  running  water  upon  fragments  of  rock,  in  reducing  them 
to  rounded  pebbles,  is  expressed  by  the  common  epithet  “  water- worn.” 
A  stream  which  descends  from  high  rocky  ground  may  be  compared  to  a 
grinding  mill ;  large  boulders  and  angular  blocks  of  rock,  disengaged  by 
frosts,  springs  and  general  atmospheric  waste,  fall  into  its  upper  end ; 
fine  sand  and  silt  are  discharged  into  the  sea. 

In  the  series  of  experiments  already  referred  to  (p.  487),  Professor  Daiibree  made  frag¬ 
ments  of  granite  and  quartz  to  slide  over  eack  other  in  a  hollow  cylinder  partially  filled 
with  water,  and  rotating  on  its  axis  with  a  mean  velocity  of  O'SO  to  1  metre  in  a  second. 
He  found  that  after  the  first  25  kilometres  (about  IbJ  English  miles)  the  angular  frag¬ 
ments  of  granite  had  lost  of  their  weight,  while  in  the  same  distance  fragments 
already  well  rounded  had  not  lost  more -than  to  The  fragments  rounded  by 

this  journey  of  25  kilometres  in  a  cylinder  could  not  be  distinguished  either  in  form  o? 
in  general  aspect  from  the  natural  detritus  of  a  river-bed.  A  second  product  of  thes% 
experiments  was  an  extremely  fine  impalpable  mud,  wdiich  remained  suspended  in  the 
water  several  days  after  the  cessation  of  the  movement.  During  the  production  of  this 
fine  sediment,  the  water,  even  though  cold,  was  found  in  a  day  or  two  to  have  acted 
chemically  upon  the  granite  fragnieiits.  After  a  journey  of  160  kilometres,  3  kilo¬ 
grammes  (about  6^  lb.  avoirdupois)  yielded  3*3  grammes  (about  50  grains)  of  soluble 
salts,  consisting  chiefly  of  silicate  of  potash.  A  third  product  was  an  extremely  fine 
angular  sand  consisting  almost  wholly  of  qiiartz,  with  scarcely  any  felspar,  nearly 
the  whole  of  the  latter  mineral  having  passed  into  the  state  of  clay.  The  sand-grains,  as 
they  are  continually  pushed  onward  over  each  other  upon  the  bottom  of  a  river,  become 
rounded  as  the  larger  pebbles  do.  But  a  limit  is  placed  to  this  attrition  by  the  size  and 
specific  gravity  of  the  grains.^  As  a  rule,  the  smaller  particles  suffer  proportionately 
less  loss  than  the  larger,  since  the  friction  on  the  bottom  varies  directly  as  the  weight 
and  therefore  as  the  cube  of  the  diameter,  while  the  surface  exposed  to  attrition  varies 
as  the  square  of  the  diameter.  Mr.  Sorby,  in  calling  attention  to  this  relation,  remarks 
that  a  grain  of  an  inch  in  diameter  would  be  worn  ten  times  as  much  as  one  of 
an  inch  in  diameter,  and  a  pebble  1  inch  in  diameter  would  be  worn  relatively  more  by 
being  drifted  a  few  hundred  yards  than  a  sand-grain  of  an  inch  in  diameter  would 
be  by  being  drifted  for  a  hundred  miles.-  So  long  as  the  particles  are  borne  along  in 

- r - 

^  ‘Geologic  experimentale, ’  p.  250  et  seq,  ^  Q.  J.  G.  A  xxxvi.  p.  59. 


EROSIVE  FOJVER  OF  ItlVEllS 


497 


8ECT.  ii  3 


suspension,  they  will  not  abrade  each  other,  hut  reniaiii  an<^ular.  Professor  Daubrth*  found 
that  the  milky  tint  of  the  Rhine  at  Strasburg  in  the  months  of  July  and  August  was 
due,  not  to  mud,  but  to  a  fine  angular  sand  (with  grains  about  nulliinetre  in 
diameter)  which  constitutes  luifdTTo  of  total  weight  of  water.  Yet  this  sand  had 
travelled  in  a  rapidly  flowing,  tumultuous  river  from  the  Swiss  mountains,  and  had  been 
tossed  over  w^aterfalls  and  ra]>ids  in  its  journey.  He  ascertained  also  that  sand-grains 
with  a  mean  diameter  of  jV  ^nni.  will  float  in  feebly  agitated  water  ;  so  that  all  sand  of 
finer  grain  must  remain  angidar.  The  same  ol>server  noticed  that  sand  composed  of 
grains  with  a  mean  diameter  of  ^  mm.,  and  earned  along  by  water  moving  at  a  rate  of 
1  metre  per  second,  is  rounded,  and  loses  about  its  weight  in  every  kilometre 

travelled.^ 


110. — Rocky  Rivcr-chaiiiicl  with  (4(1  Pot-hole^. 


The  effects  of  ubrasion  upon  the  loose  materials  on  a  river-bed  are 
but  a  minor  piart  of  the  erosive  work  performed  by  the  stream.  A  layer 
of  debris,  only  the  upper  portion  of  which  is  pushed  onward  by  the 
normal  current,  will  protect  the  solid  rock  of  the  river-channel  which  it 
covers,  hut  it  is  apt  to  be  swept  away  from  time  to  time  by  violent  floods. 
Sand,  gravel  and  boulders,  in  those  parts  of  a  rivei-channel  where  the 
current  is  strong  enough  to  keep  them  moving  along,  rul)  down  the  rocky 
bottom  over  which  they  are  driven.  As  the  shape  and  declivity  of  the 
channel  vary  constantly  from  point  to  point,  with,  at  the  same  time, 
frequent  changes  in  the  nature  of  the  rocks,  this  erosive  action  is  liable 
to  continual  modifications.  It  advances  most  briskly  in  the  numerous 
^  Hb'ologie  c.viKThneutale,’  pp.  ‘250,  258. 
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hollows  and  grooves  along  whicli  chiefly  these  loose  materials  travel. 
Wherever  an  eddy  occurs  in  which  gravel  is  kept  in  gyration,  erosion  is 
much  increased.  The  stones,  in  their  movement,  excavate  a  hole  in  the 
channel,  while,  as  they  themselves  are  reduced  to  sand  and  mud,  or  are 
swept  out  by  the  force  of  the  current,  their  places  are  taken  by  fresh 
stones  brought  down  by  the  stream  (Fig.  116).  Sneh.  j^ot-holes^  as  they 
are  termed,  vary  in  size  from  mere  cup-like  depressions  to  huge  caldrons 
or  pools.  As  they  often  coalesce,  by  the  giving  way  of  the  intervening 
walls  between  two  or  more  of  them,  they  materially  increase  the  deepen¬ 
ing  of  the  river-bed. 

That  a  river  erodes  its  channel  by  means  of  its  transported  sediment  and  not  by  the 
mere  friction  of  the  water,  is  sometimes  admirably  illustrated  in  the  course  of  streams 
filtered  by  one  or  more  lakes.  As  the  Rhone  escapes  from  the  Lake  of  Geneva,  it  sweeps 
with  a  swift  clear  current  over  ledges  of  rock  that  have  not  yet  been  very  deeply  eroded. 
The  Niagara  supplies  a  still  more  impres.sive  example.  Issuing  from  Lake  Erie,  and 
Rowing  through  a  level  country  for  a  few  niile.s,  it  approaches  its  falls  by  a  series  of 
rapids.  The  water  leaves  the  lake  with  hardly  any  appreciable  sediment,  and  has  too 
brief  a  journey  in  which  to  gather  it,  before  beginning  to  rusli  down  the  rocky  channel 
towards  the  cataract.  The  sight  of  the  vast  body  of  clear  water,  leaping  and  shooting 
over  the  sheets  of  limestone  in  the  rapids,  is  in  some  respects  quite  as  .striking  a  scene 
as  the  great  falls.  To  a  geologist  it  is  specially  instructive  ;  for  he  can  observe  that, 
notwithstanding  the  tremendous  rush  of  waiter  which  has  been  rolling  over  them  for  so 
many  centuries,  these  rocks  have  been  edmparatively  little  abraded.  The  smoothed 
and  striated  surface  left  by  the  ice-sheet  of  the  Glacial  period  can  he  traced  upon  them 
almost  to  the  water’s  edge,  and  the  flat  ledges  at  the  rapids  are  merely  a  prolongation 
of  the  ice-worn  surface  whicli  passes  under  the  banks  of  drift  on  either  side.  The  river 
has  hardly  eroded  more  than  a  mere  superficial  .skin  of  rock  here  since  it  began  to  flow 
over  the  glaciated  limestone. 

Similar  evidence  is  offered  by  the  St.  Lawrence.  This  majestic  river  leaves  Lake 
Ontario  as  pure  as  the  waters  of  the  lake  itself.  The  ice-worn  hummocks  of  gneiss  at 
the  Thousand  Islands  still  retain  their  characteristic  smoothed  and  polished  surface 
down  to  and  beneath  the  surface  of  the  current.  In  descending  the  river,  I  was 
astonished  to  observe  that  the  famous  rapids  of  the  St.  Lawrence  are  actually  hemmed 
in  by  islets  and  steep  banks  of  boulder-clay,  and  not  of  solid  rock.  So  little  obvious 
erosion  does  the  current  perform,  even  in  its  tumultuous  billowy  descent,  that  a  raw 
scar  of  clay  betokening  a  recent  slip  is  hardly  to  be  seen.  The  banks  are  so  grassed 
over,  or  even  covered  with  trees,  as  to  prove  how  long  they  have  remained  undisturbed 
in  their  present  condition.  That  very  considerable  local  destruction  of  the.se  clay- 
islands,  however,  has  ])een  caused  by  floating  ice  will  be  alluded  to  farther  on. 

Mere  volume  and  rapidity  of  current,  therefore,  will  not  cause  much 
■erosion  of  the  channel  of  a  stream  unless  sediment  be  present  in  the  water. 
A  succession  of  lakes,  by  detaining  the  sediment,  must  necessarily  en¬ 
feeble  the  direct  excavating  power  of  a  river.  On  the  other  hand,  by 
the  disintegrating  action  of  the  atmosphere,  and  by  the  operations  of 
springs  and  frosts,  loose  detritus  as  well  as  portions  of  the  river-banks 
are  continually  being  launched  into  the  currents,  which,  as  they  roll 
along,  are  thus  supplied  with  fresh  materials  for  erosion. 

(b)  Besides  the  obvious  relation  between  the  angle  of  slope  of  a 
river-}3ed  and  the  scouring  force  of  the  river,  a  dominant  influence,  in  the 
gradual  excavation  of  a  river-channel,  is  exercised  by  the  lithological 
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nature  and  geological  structure  o£  the  rocks  through  which  the  stream 
hows.  This  inhuence  is  manifested  in  the  form  of  the  channel,  the 
angle  of  declivity  of  its  banks,  and  in  the  details  of  its  erosion.  On  a 
small  but  instructive  scale  these 


phenomena  are  revealed  in  the  opera¬ 
tions  of  brooks.  Thus,  one  of  the  most 
characteristic  features  of  streams, 
whether  large  or  small,  is  the  tend¬ 
ency  to  wind  in  serpentine  curves 
Avhen  the  angle  of  declivity  is  low, 


and  the  general  surface  of  the  country  tolerably  level.  This  peculiarity 


may  be  observed  in  every  stream  which  traverses  a  flat  alluvial  plain. 


Fig.  n^.— -Windings  of  fhn  iiorge  of  tln‘ 
Moselle  above  Coelieni. 


Some  slight  weakness  in  one  of  its  banks 
enables  the  current  to  cut  away  a  portion 
of  the  bank  at  that  point.  By  degrees 
a  concavity  is  formed  round  which  the 
upper  Avater  sweeps  Avith  increased 
velocity,  while  under-currents  tend  to 
carry  sediment  across  to  the  opposite 
side.  The  outer  bank  is  accordingly  worn 
aAvay,  Avhile  the  inner  or  concave  side  of 
the  bend  is  not  attacked,  but  is  even 
protected  by  a  deposit  of  sand  or  graveld 
Thus,  bending  alternately  from  one  side 
to  the  other,  the  stream  is  led  to  describe 
a  most  sinuous  course  across  the  plain. 
By  this  process,  howeA^er,  Avhile  the  course 
is  greatly  lengthened,  the  A^elocity  pro¬ 
portionately  diminishes,  until,  before 
quitting  the  plain,  the  stream  may 
become  a  lazy,  creeping  current,  in 
England  commonly  bordered  Avith  sedges 
and  willoAvs.  A  stream  may  eventually 
cut  through  the  neck  of  land  betAveen 
two  loops,  as  at  h,  and  r,  in  Fig.  117, 
and  thus  for  a  while  shorten  its  channel. 
Instances  of  this  nature  may  frequently 
be  observed  in  streams  floAving  through 
alluvial  land.  The  old  deserted  loops- 
are  converted,  first  into  lakes,  and  by 


degrees  into  stagnant  pools  or  bogs,  until  finally,  by  growth  of  vegetation 
and  infilling  of  sediment  by  rain  and  wind,  they  become  dry  ground. 
Although  most  frequent  in  soft  alluvial  plains,  meandering  Avater- 


^  J.  'riioinson,  Pror.  Roy.  Soc.  xxv.  (1876),  p.  5.  According  to  observations  and 
tleductipns  by  Prof.  M.  Jellerson,  tlie  width  of  the  belt  of  meanders  of  any  given  stream  is 
eighteen  times  the  mean  width  of  the  stream  at  the  place.  Xational  (^\:ogm2)lK  Mag.  xiii. 
(1902),  p.  373. 

-  Aigiies-niurtes,  ’  or  dead  waters,  bee  p,  ol7,  uotc  2. 
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courses  may  also  lie  eroded  in  solid  rock  if  the  original  form  of  the 
surface  was  tolera])ly  hat.  The  windings  of  the  gorges  of  the  Moselle 
(Fig.  118)  and  Ehine  through  the  ta1)le-land  between  Treves,  Mainz  and 
the  Siehengel>irge  form  a  notable  illustration. 

Abrupt  changes  in  the  geological  structure  or  lithological  character  of 
the  rocks  of  a  river-channel  may  give  rise  to  waterfalls.  In  many  cases, 
this  feature  of  river-scenery  has  originated  in  lines  of  escarpment  over 
which  the  water  at  first  found  its  way,  or  in  the  same  geological  arrange¬ 
ment  of  hard  and  soft  rocks  liy  which  the  escarpments  themselves  have 
been  produced.  The  occurrence  of  horizontal,  tolerably  compact  strata, 
traversed  by  marked  lines  of  joint,  and  resting  upon  softer  ]>eds,  presents 
a  structure  well  adapted  for  showing  the  part  played  by  waterfalls  in 
river-erosion.  The  waterfall  acts  with  special  potency  against  the  softer 
underlying  materials  at  its  base.  These  are  hollowed  out,  and,  as  the 
foundations  of  the  superincumbent  more  solid  rocks  are  destroyed,  slices 
of  the  latter  from  time  to  time  fall  oft'  into  the  Iroiling  whirlpool,  wliere 
they  are  reduced  to  fragments  and  carried  down  the  stream.  Thus  the 
waterfall  cuts  its  wa}^  backward  up  the  stream,  and  as  it  advances  it 
prolongs  the  excavation  of  the  rapine  into  which  it  descends.  The 
student  will  fre(piently  observe,  in  the  recession  of  waterfalls  and  con¬ 
sequent  erosion  of  ravines,  the  important  part  taken  by  lines  of  joint  in 
the  rocks.  These  lines  have  often  determined  the  direction  of  the  ravine, 
and  the  vertical  walls  on  either  side  depend  for  their  preci[)itousuess 
mainly  upon  these  divisional  planes  in  the  rock. 

The  gorge  of  the  Niagara  affords  a  magnificent  and  remarkably  .simple  illustration 
of  these  features  of  river-action.  At  its  lower  end,  where  it  enters  the  wide  plain  that 

e.xtends  to  Lake  Ontario,  there  stretches  away,  on 
either  side  of  the  river,  a  line  of  cliff  and  .steep 
wooded  bank,  formed  by  tli(i  escarpment  of  the 
massive  Niagara  limestone.  Back  froiti  this  line 
of  cliff,  through  which  it  issues  into  the  lacustrine 
plain,  the  gorge  of  the  river  extends  for  about 
7  miles,  with  a  width  of  from  200  to  400  yards, 
and  a  de])th  of  from  200  to  300  feet.  At  the 
upper  end  lie  the  world-renowned  falls.  The  whole 
of  this  great  ravine  has  im(iaetd;ional'>ly  been  cut 
out  by  the  recession  of  the  falls.  When  the  river 
first  began  to  flow,  it  may  have  found  tlie  escarp¬ 
ment  iTiimiiig  across  its  course,  and  may  then  liave 
begun  the  excavation  of  its  gorge.  More  probably, 
however,  the  escarpment  and  waterfall  began  to 
arise  simultaneously,  and  from  the  same  geological 
structure.  As  the  former  grew  in  height,  it  receded 
from  its  starting-point.  The  river- ravine  likewise 
crept  backward,  but  at  a  more  rapid  rate,  and  the  result  has  been  that  while  at 
present  the  dill,  worn  down  by  atmospheric  disintegration,  stands  at  (Bi®eustown, 
the  ravine  dug  by  the  river  extends  7  miles  farther  inland.  The  waterfall  will 
continue  to  cut  its  way  back  as  long  as  the  structure  of  the  gorge  continues  as 
it  is  now— thick  beds  of  limestone  resting  horizontally  upon  soft  shales  (Fig.  119). 
The  softer  strata  at  the  base  are  undermined,  and  slice  after  slice  is  cut  off  from 


1]0. — Section  at  the  Hor.s(*-.sh(»(^  Falls, 
Niagara. 

«,  Medina  Sandstone  and  Shale,  120  feet ; 
6,  Clinton  Ijimfstoiie  and  Shale,  nr»  feet ; 
c,  Niagara  Shale,  60  feet;  (/,  Niagara 
Limestone,  55  feet- 
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the  cliff  over  which  the  cataract  pourw.  Tlie  parallel  walls  of  this  great  gorge 
owe  their  direction  and  mural  character  to  parallel  joints  of  the  strata.  The  lesser 
or  American  fall  (A  in  Fig.  120)  enters  by  the  side  of  the  ravine  and  falls  over  its 
lateral  wall.  The  larger  or  Canadian  (Horse-shoe)  fall  (C)  occupies  the  head  of  the 
ravine,  and  owes  its  form  to  the  intersection  of  two  sets  of  joints.  Bakewell,  from 
historical  notices  and  the  testimony  of  old  residents,  inferred  that  the  rate  of  recession 
of  the  falls  is  three  feet  in  a  year.  Lyell  concluded  that  “  the  average  of  one  foot  a 
year  would  he  a  much  more  ])robable  conjecture,”  and  estimated  the  length  of  time 


Fiji;.  1*20. — Plan  of  thr  Raviiir  of  Niagara  at  llie  Fulls. 

N,  American  Fall ;  C,  Canadian  Fall;  W,  Whirlpool ;  CJ,  Goat  Island;  D,  Bank  of  Drift  resting  on 
ice-worn  sheets  of  Limestone. 

re<juired  for  the  excavation  of  the  whole  Niagara  ravine  at  35,000  years.^  A  commission' 
appointed  to  survey  the  falls  and  to  ascertain  the  rate  of  recession  reported  (1890)  that 
since  1742,  when  the  first  survey  was  made,  the  total  mean  recession  of  the  Horse-shoe 
falls  has  been  104  feet  6  inches.  The  maximum  recession  atone  point  is 270  feet.  The 
mean  recession  of  the  American  falls  is  30  feet  6  inches.  The  length  of  the  crest  has 
increased  from  2260  to  3010  feet  by  the  washing  away  of  the  embankment.  The  total 
area  of  recession  of  the  American  falls  is  32,900  square  feet,  and  that  of  the  Horse-shoe 
falls  275,400  feet.  But  the  rate  of  waste  has  been  ascertained  not  to  he  uniform,  there 
being  intervals  of  .slower  and  more  rapid  retreat,  during  which  the  form  of  the  precipice 
at  the  falls  is  continually  changing.  Professor  J.  AV.  Si)encer,  from  a  review  of  all  the 
evidence  that  he  and  others  have  been  able  to  gather  respecting  the  geological  structure 
of  the  district,  has  traced  the  successive  stages  in  the  excavation  of  the  ravine  and  the 
connection  of  the  erosion  with  the  history  of  the  great  glacial  lakes  which  once  over¬ 
spread  that  region.  He  shows  the  importance  of  the  movement  of  elevation  which  for 
a  long  ]>eriod  has  been  transforming  the  topography  {antt'f  p.  387),  and  which  in  the 
Niagara  districts  he  takes  for  the  purposes  of  computation  to  be  15  inches  in  a  century. 
He  conse(j[uent]y  arrives  at  the  estimate  of  about  30,000  years  as  the  age  of  the  Niagara 
ravine. 


Fig.  121.— iSection  to  illustrate  tlie  lowering  of  Lake  Erii^  by  the  recession  of  Niagara  Falls. 


It  was  long  ago  })ointed  out  that  if  the  structure  of  the  gorge  continued  the  same 
from  the  fails  to  Lake  Erie,  the  recession  of  the  falls  ■would  eventually  tap  the  lake, 

^  Lyell,  ‘Travels  in  North  America,’  i.  p.  32  ;  ii.  p.  93.  ‘Principles,’  i.  p.  358.  Com¬ 
pare  Lesley’s  ‘Coal  and  its  Topography’  (IS56),  p.  169.  On  recent  changes  at  the  Falls, 
see  Marcou,  Bidl.  Noe.  Otol.  France  (2),  xxii.  p.  290  ;  and  also  antc^  p.  459. 
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and  reduce  its  surAice  to  the  level  of  the  bottom  of  the  raviue.  Successive  stages  in 
this  retreat  of  the  falls  are  shown  in  Fig.  121,  by  the  lettersy'to  r,  and  in  the  con¬ 
sequent  lowering  of  the  lake  by  the  letters  a.  h  to  e.  It  was  ])elievG(l,  howt'ver,  tluit  a 
slight  observable  inclination  of  the  strata  would  carry  the  soft  nntl(3r]ying  slialo  out  of 
possible  reach  of  the  fall,  and  that  in  this  way  the  lowering  of  the  lake  would  be 
indefinitely  retarded.^  But  the  discovery  of  the  slow  uplift  of  the  land  with  a  generally 
southerly  tilt  has  given  a  wholly  new  aspect  to  the  ju'oblern,  showing  that  if  this 
movement  should  continue  as  at  present  the  drainage  now  carried  by  tlie  Niagara  will 
at  no  very  distant  geological  period  find  its  ^vay  southward  into  tlie  Mississippi.- 

The  Falls  of  St.  Anthony  ou  tlie  Mississippi  show,  according  to  Winchell,  a  rale  of 
recession  varying  from  3*4b  to  6*73  feet  per  annum,  the  whole  recession  since  the 
discovery  of  the  falls  in  1680  to  the  present  time  being  bOG  feet.*’  The  ujipe.r  or  Hock 
Island  rapids  of  the  Mississippi  consist  of  a  succession  of  rock-barriers  called  "clniins,” 
which,  with  a  breadth  of  only  a  fraction  of  a  mile,  ])ass  across  the  channel,  and  are 
separated  by  pools  or  stretches  of  slack  water.  The.  lower  or  Dos  Moines  rapids,  about 
11  miles  long,  are  more  uniform,  having  a  descent  of  mairly  two  h'ct  per  mile.  ‘ 

A  waterfall  may  occasionally  be  observed  to  have  been  produced  by  the 
existence  of  a  harder  and  more  resisting  band  or  bnrriiu*  of  rock  crossing 


the  course  of  the  stream,  as,  for  instance,  whore  the  rocks  havc^  lieen  cut 
by  an  intrusive  dyke  oi*  mass  of  basalt,  or  where,  as  in  the  ca.se  of  the 
Ehine  at  Schaffhausen,  and  possibly  in  that  of  the  Niagara,  the  stream 
has  been  diverted  out  of  its  ancient  course  by  glacial  or  other  (leposits, 
so  as  to  be  forced  to  carve  out  a  new  channel  and  rejoin  its  older  one 
by  a  fall.*'  In  these  and  all  other  cases,  the  removal  of  the  harder  mass 
destroys  the  waterfall,  which,  after  passing  into  a  seri(»s  of  rapi<{s,  is 
finally  lost  in  the  general  al)rasion  of  the  river-chamnd. 

Tlie  resemblance  of  a  deep,  narrow  ri\'cr-gorge  to  a  rifiit  opened  in 
the  ground  hj  subterranean  agency,  has  often  led  to  a  mistaken  lielief 
that  such  marked  superficial  features  could  only  have  arisen  from  actual 
violent  dislocation.  Even  where  something  is  concealed  to  tln^  river, 
there  is  a  natural  tendency  to  assume  that  there  must  have  bm3n  a  line 
of  fault  and  displacement  as  in  Fig.  122,  or  at  least  a  line  of  crack,  and 

^  LyelFs  ‘  Ih'iiicipk'.s,’  i.  362. 

Set*  the  papers  cited  ]),  387,  /tofe  2,  and  more  particularly  Profe.s.snr  Spencer's  in 
Ajjier.  Jouni.  ^cL  .\lviii.  (1891),  p.  455.  q.  J.  a,  S.  xx\iv.  p.  899. 

^  4.  Leverett,  Jovni.  t/eo/.  vii.  (1899),  p.  1.  The  history  (4'  the  lower  rapids  is  shown 
hy  this  observer  to  belong  partly  to  the  (llacial  period.  He^estimate'^  tlmt  they  have 
excavated  a  depth  of  nearly  100  feet  of  roek. 

®  Wiirtenberger,  Nenen  J(/hi'lu  1871,  p.  582. 
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consequent  weakness  (Fig.  123).  But  the  existence  of  an  actual  fracture 
IS  not  necessary  for  the  formation  of  a  ravine  of  the  first  magnitude. 


Tlu‘  gorge  of  tlie  Kiagara,  fru  exaruiile,  lia.s  not  lieen  determined  by  any  dislocation 
Still  more  impressive  proof  of  tlie  .same  fact  i.s  fui-uislied  by  the  most  marvellous  river'- 
gorge.s  in  the  world— tliose  of  the  Colorado  region  in  North  America.  The  rivers  there  flow- 
in  ravines  thousands  of  feet  rleep  and  hundreds  of  miles  long,  through  vast  tahle-Iands  of 
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<leseeiKls  a  deep  declivity  it  tears  down  the  soil  and  rocks,  cutting  a 
gash  out  of  the  side  of  the  mountain  (Fig.  126).  On  reaching  the  more 


1‘26. — Tributary  torrent  sendiiicr  a  cone  of  detritus  into  a  valley  (/t). 

level  ground  at  the  base  of  the  slope,  the  water,  abruptly  checked  in  its 
velocity,  at  once  drops  its  coarser  sediment,  which  gathers  in  a  fan-shaped 
pile  or  cone  cone  de  dejection  Murhriiched’  with  the  apex  pointing 
up  the  water-course.  Huge  accumulations  of  boulders  and  shingle  may 
thus  be  seen  at  the  foot  of  such  torrents, — the  water  flowing  through 
them,  often  in  several  channels,  which  re-unite  in  the  plain  beyond. 
From  the  deposits  of  small  streams,  every  gradation  of  size  may  be  traced 
up  to  huge  fans  many  miles  in  diameter  and  several  hundred  feet  thick, 


such  as  occur  in  the  upper  basin  of  the  Indus  -  and  on  the  hanks  of  the 
Rocky  Mountains,*^  as  well  as  other  ranges  in  North  America  (Fig.  127).‘^ 

^  O.  A.  Koch,  JffJirh.  (Jeol.  Rdclimnd.  xxv.  (1875),  p.  97,  descrihes  the  (lel)iicles  of  the 
T\yrol.  Consult  also  the  work  of  Surell  and  Cezanne  cited  on  p.  482. 

On  tlie  alluvial  deposits  of  this  region,  see  Drew,  C-  ./.  f/.  K  xxix.  p.  441  ;  also  his 
‘  diiminoo  and  Kashiiiere  Territories,’  1875. 

See  Dutton’s  ‘  High  Plateaux  of  Utah,’  Hayden’s  Jip/Mnis  of  the  U.  S.  and 

^R'ographical  Survegti  of  ttui  Tci'riforleH. 

In  the  great  inland  hasin  of  North  America,  which  includes  the  arid  tracts  of  (Ireat 
Halt  T^ake  and  other  saline  waters,  the  dcidli  of  accumulated  detritus  imist  aiuouiit  iu  many 
jdaces  to  several  thou  sand  feet.  Sec  on  this  subject  I.  0.  Russell,  (teoL  JMag.  1889  ;  and 
Gilbert’s  essay  on  lake-shores  in  the  dth  A  nn'ual  Report  (f  the  U.  >S'.  Ueot.  Rerv. 
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The  level  of  the  valleys  in  the  Tyrol  has  been  sensibly  raised  within 
historic  times  by  the  detritus  swept  into  them  from  the  surrounding 
mountains.  Old  churches  and  other  buildings  are  half-})uried  in  the 
accumulated  sediment.^ 

(b)  In  Eiver-beds. — The  deposition  of  ailindum  on  ri\er-beds  is 
characteristically  shown  Ijy  the  accumulation  of  sand  or  shingle  at  the 
concave  side  of  each  sharp  bend  of  a  river-course.  While  the  main  upper 
current  is  making  a  more  rapid  sweep  round  the  opposite  bardv,  under- 
curi'ents  pass  across  to  the  inner  side  of  the  curve  and  drop  their  freight 
of  loose  detritus,  which,  when  laid  l'>are  in  dry  weather,  forms  the  familiar 
sand-bank  or  shingle-beach  (p.  499).  Again,  when  a  river,  well  supplied 
with  sediment,  leaves  mountainous  ground  where  its  course  has  been  rapid, 
and  enters  a  region  of  level  plain,  it  begins  to  drop  its  burden  on  the 
channel,  which  is  thereby  heightened,  till  it  may  actually  rise  above  the 
level  of  the  surrounding  plains  (Fig.  128). 


Fig.  — Section  of  a  River-i)lain,  showing  lieijiliteiiing  of  cliannel  Ity  (Ie])o.si1h  of  sedimenl  (/».). 

This  tendency  is  displayed  by  the  Adige,  Reno  and  Brerita,  wliich,  descending  I'roin 
the  Alps  well  supplied  with  detritu.?,  debouch  on  the  jdains  of  the  Po.“  Tlic  I^o  itself 
has  been  quoted  as  an  instance  of  a  river  conthuiiug  to  heighten  its  hed,  wldle  man  in 
self-defence  heightens  its  embankments,  until  the  surface  of  the  river  becomes  higlier 
than  the  plains  on  either  side.  It  has  been  shown  by  Lombardini,  however,  that  the 
bed  of  this  river  has  undergone  very  little  change  for  centuries  ;  that  only  here  and 
there  does  the  mean  height  of  the  water  rise  above  the  level  of  the  plains,  being 
generally  considerably  below  it,  and  that  even  in  a  high  flood  the  surface  of  the  river  is 
scarcely  ten  feet  above  the  pavement  in  front  of  the  Palace  at  Ferrara.**  d’he  Po  and 
its  tributaries  have  been  carefully  embanked,  so  that  mneh  of  the  sediment  of  the 
rivers,  instead  of  accninnlating  on  the  plains  of  Lombardy,  as  it  naturally  would  do,  is 
carried  out  into  the  Adriatic.  Hence,  partly,  no  doiiht,  the  remarkably  rapid  rate  of 
growth  of  tlie  delta  of  the  Po.  But  in  such  cases,  raau  needs  all  his  skill  and  labour  t<» 
keep  the  hanks  secure.  Even  with  his  utmost  efforts,  a  river  will  now  and  tlnm  break 
through,  swee]>ing  down  the  barrier  whicli  it  has  itself  made,  as  well  as  any  additional 
embankments  constructed  by  him,  and  carrying  its  flood  far  and  wide  over  the  plain. 
Left  to  itself,  the  river  would  incessantly  shift  its  course,  until  in  turn  every  part  of 
the  2>lain  had  been  again  and  again  traversed.  It  is  indeed  in  this  way  that  a  great 
alluvial  plain  is  gradually  levelled  and  heightened.  The  most  .stupendous  exanq)le  of 
the  gradual  heightening  of  a  plain  by  ri\'ev  deposits,  and  of  the  devastation  caused  by 
the  bursting  of  the  artificial  barriers  raised  to  control  the  stream,  is  that  of  tin*  Hoang 
Ho  or  Yellow  River.  So  frerpiently  ha.s  this  river  changed  its  course  across  the  great 

^  (t.  A.  Koch,  Juhrl).  (icoL  RelchsiO ad.  x.xv.  (1875),  j).  12‘>. 

-  It  i.s  in  the  north  of  Italy  tliat  the  struggle  between  man  and  nature  has  Iteen  most 
per.sistently  waged.  See  Lombardini,  iu  Aan.  (Ms*  Pontfi-ct'ClLauanees,  1847  ;  F.  Nicolis, 
‘‘Sugli  antichi  eorsi  del  linine  Adige,”  /hA  She.  UeoJ.  Jtal.  xvii.  (1898),  i)p.  7-76  ;  Beard- 
more’s  ‘Tables,’  p.  172.  The  hed  of  the  Yang-tse-Kiang  has  been  raised  in  places  far 
above  the  level  of  the  surrounding  country  by  embanking.  B.  L.  Oxenhani,  Jouni.  Geoy. 
Soc.  xlv.  (1875).  p.  182. 

”  Between  Mantua  and  Modena  the  Po  is  said  to  have  raised  its  hed  more  than  5  4 
metres  since  the  fifteenth  century.  Dausse,  Jinn.  Soc.  Gi^ol.  Franrc,  iii.  (3me  ser.),  p.  137. 
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eastern  plain,  and  so  appalling  has  been  the  consequent  devastation,  thiit  it  lias  re¬ 
ceived  the  name  of  “China's  sorrow.”  A  great  inundation  took  place  in  the  autumn 
of  1887,  when  hundreds  of  villages  were  submerged  and  more  than  a  million  human 
beings  were  drowned.  Breaking  down  its  frail  embankment,  the  stream  poured  through 
the  breach,  which  was  some  1200  j^ards  wide,  and  sj>read  out  over  a  width  of  30  miles 
ill  a  current  ten  to  twenty  feet  deep  in  the  middle. 

(c)  On  Eiver-banks  and  Flood-plains. — As  is  partly  implied  in  the 
action  described  in  the  foregoing  paragraph,  alluvium  is  laid  down  on 
the  level  tracts  or  flood-plain  over  which  a  river  spreads  in  flood.  It 
consists  usually  of  fine  silt,  mud,  earth  or  sand  ,*  though  close  to  the 
channel,  it  may  be  partly  made  up  of  coarser  materials.  When  a  flooded 
river  overflows,  the  portions  of  water  which  spread  out  on  the  plains,  by 
losing  velocity,  and  consequently  power  of  transport,  are  compelled  to 
let  fall  more  or  less  of  their  mud  and  sand.  If  the  plains  happen  to  be 
covered  with  wood,  bushes,  scrub  or  tali  grass,  the  vegetation  acts  the 
part  of  a  sieve,  and  filters  the  muddy  water,  which  may  rejoin  the  main, 
stream  comparatively  clear.  The  height  of  the  plain  is  thus  increase 
1)y  every  flood,  until,  partly  from  this  cause  and  partly,  in  the  case  of  a 


Fi}-'.  Section  of  River-temice.s. 


rapid  stream,  from  the  erosion  of  the  channel,  the  plain  can  no  longer  lie 
overspread  by  the  river.  As  the  channel  is  more  and  more  deepened, 
the  river  continues,  as  before,  to  be  lialile,  from  inequalities  in  the 
material  of  its  banks,  sometimes  of  the  most  trifling  kind,  and  from  the 
1)ehaviour  of  water  flowing  in  irregular  channels,  to  wind  from  side  to 
side  in  wide  curves  and  loops,  and  cuts  into  its  old  alluvium,  making 
eventually  a  newer  plain  at  a  lower -level.  Prolonged  erosion  carries  the 
ehamiel  to  a  still  lower  le\'el,  where  the  stream  can  attack  the  later 
alluvial  deposit,  and  form  a  still  lower  and  newer  one.  The  river 
comes  hy  this  means  to  be  fringed  with  a  series  of  terraces  (Fig.  129), 
the  surface  of  each  of  which  represents  a  former  flood -level  of  the 
stream. 

Ill  Britain,  it  i.s  common  to  lind  three  such  terraces,  but  sometimes  as  many  as  six 
or  se\'eu  or  even  more  may  occur.  On  the  Seine  and  other  rivers  of  the  north  of 
France,  there  is  a  marked  terrace  at  a  height  of  12  to  17  metres  above  the  present 
water-level.  In  Kortli  America,  the  ri\'er-terraces  exist  on  so  grand  a  scale  that  the 
geologists  of  that  country  have  named  one  of  the  later  periods  of  geological  history, 
during  whicli  those  deposits  were  formed,  the  Terrar-e  Epoch  (Fig.  129).  The  modern 
alluvium  of  the  Mississippi,  from  the,  mouth  of  the  Ohio  to  the  Gulf  of  Mexico,  covers 
an  area  of  19,450  miles,  and  has  a  breadth  of  from  25  to  75  miles  and  a  depth  of  from 
25  to  40  feet.  The  old  alluvium  of  the  Amazon  likewise  forms  extensive  lines  of  cliff 
for  hundreds  of  miles,  beneath  which  a  newer  platform  of  detritus  is  being  formed.^ 


^  The  stages  of  terrace-making  in  the  rpjjhite  of  a  great  river  are  well  lirought  out  in  the 
ease  of  the  Amazon.  C.  B.  Brown,  Q.  J.  >S'.  xxxv.  p.  763.  The  subject  of  the  origin 
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A  recent  elaborate  study  of  the  terraces  in  the  valleys  of  the  Isser,  IMoselle,  Rhine 
and  Rhone  has  been  made  by  Colonel  De  Lamothe.^  He  believes  that  he  can  recognise 
ill  each  of  these  valleys  six  platforms  or  terraces  of  deposit  comprised  'vvithin  a  height 
of  200  metres  above  the  piresent  streams,  and  at  approximately  the  same  distance  from 
each  other.  He  thinks  that  they  are  to  be  explained  by  simultaneous  oscillations  of 
level,  which  brought  about  alternate  erosion  and  filling  up  of  the  valley  bottoms.  In 
ihe  iMoselle  the  heights  of  these  old  levels  of  the  river  are  given  as  follows :  1st,  from 
15  to  20  metres  ;  2nd,  30  metres  ;  3rd,  from  45  to  56  metres  ;  4th,  100  metres  ;  5th, 
from  130  to  150  metres  ;  6th,  about  200  metres.  The  terraces  of  the  Rhine  in  the 
immediate  neighbourhood  of  Bfile  are  given  as  occurring  at  the  following  levels  above 
the  present  stream  :  Ist,  traces  of  a  terrace  from  15  to  20  metres,  passing  into  the  next 
above:  2nd,  at  31  metres;  3rd,  from  56  to  60  metres;  4th,  from  99  to  101  metres; 
5th,  from  130  to  150  metres ;  6th,  traces  of  a  higher  level  of  perhaps  from  200  to  230 
metres.  It  will  be  observed  that  the  limits  assigned  have  tolerably  wide  limits  of 


variation,  and  it  may  be  open  to  question  how  far  such  a  generalisation  as  tliat  of 
Colonel  De  Lamothe  is  well  founded.  There  can  be  no  dou])t,  however,  that  a 
succession  of  river-terraces  is  a  clearly  established  fact  for  all  parts  of  the  world,  in 
what  direction  soever  its  interpretation  is  to  be  sought. 

Ill  considering  the  probable  history  of  the  river-terraces  in  connection 
with  the  evolution  of  the  to^iography  of  a  country,  the  first  point  to  be 
ascertained  is  whether  these  terraces  have  lieen  entirely  cut  out  of  older 
detrital  deposits.  If  such  has  been  the  case,  it  is  obvious  that  the  valley 
must  he  of  older  date  than  even  the  oldest  of  the  terraces.  In  Fig.  1 29, 
for  instance,  the  succession  of  river-terraces  only  marks  a  late  series  of 
tluviatile  operations  long  subsequent  to  the  excavation  of  the  valley,  and 
the  filling  of  it  up  with  the  drift  deposits  on  which  these  terraces  lie. 
The  next  question  is  the  determination  of  the  number,  continuity  and 
relative  levels  of  the  successive  terraces  in  the  various  rivers  in  a  wide 

of  river-terraces  is  aldy  treated  by  the  late  H.  Miller  of  the  Geological  Survey  iii  J*rnr.  Hoy. 
Phys.  Soc.  Mclm.  1883,  p.  263. 

^  Lull.  Soc.  (Uol.  France,  4me  ser.  i.  (1901),  pp.  297-383  ;  and  an  earlier  })ap(;r  by  the 
same  author,  op.  cit.  xxvii.  (1899),  p.  257  ;  Kiliau  on  the  ‘  Kurereusement  des  valh'es 
alpiues,’  op.  cit.  xxviii.  (1900),  p.  1004. 
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region,  so  as  to  ascertain  how  far  any  satisfactory  parallelism  can  be 
estal)lishetl  between  the  terrace  systems  of  difterent  valleys.  From  this 
basis  of  accurate  observation  it  will  be  practicable  to  consider  whether 
thei’e  is  so  close  a  parallelism  as  to  make  it  improbable  that  it  should  be 
due  merely  to  the  independent  working  of  the  rivers  themselves,  and  to 
indicate  the  co-operation  of  some  general  cause  affecting  all  the  drainage 
of  the  whole  region  examined.  In  seeking  for  such  a  cause  the  observer 
will  first  inquire  whether  the  succession  of  fluviatile  changes  points  to 
any  probable  former  meteorological  conditions,  such  for  instance  as 
oscillations  of  rainfall,  advance  or  retreat  of  glaciers.  In  this  search  the 
detailed  later  geological  history  of  the  ground  will  need  to  be  carefully 
worked  out.  Should  no  satisfactory  evidence  be  obtainable  to  warrant 
a  reference  of  the  terrace  system  to  variations  of  a  climatological  kind,  it 
will  1)6  proper  to  consider  how  far  the  phenomena  can  be  explained  by 
elevation  of  the  land.  An  uplift  by  increasing  the  height  and  slope  of 
the  ground  will  augment  the  scour  of  the  rivers  *  and  if  the  movement 
should  be  intermittent,  with  long  pauses  of  rest  and  shorter  intervals  of 
rapid  rise,  the  effects  on  the  drainage  could  not  fail  to  be  marked.  Each 
interval  of  upward  movement  would  lead  to  increased  erosion  of  the 
river-channels ;  and  during  the  long  stationary  rests,  or  if  a  subsidence  of 
the  land  took  place,  the  streams  might  often  in  places  reach  a  base  level 
of  erosion  and  be  there  mainly  occupied  in  spreading  out  alluvium.  In 
applying  this  hypothetical  explanation  to  any  region  the  geologist  would 
re([uire  to  hQ  in.  possession  of  a  detailed  and  accurate  series  of  levellings, 
so  as  to  be  able  to  fix  the  precise  height  of  each  terrace  in  valley  after 
valley,  to  note  its  variation  in  level  l)etween  the  higher  and  lower  parts 
of  its  course,  to  ascertain  whether  in  the  case  of  the  maritime  part  of  a 
country  a  connection  could  be  traced  between  the  successive  river- 
teri'accs  of  the  interior  and  any  strand-lines  or  raised  marine  beaches 
along  the  coast,  and  generally  to  determine  the  axis  or  centre  of 
(devation  and  its  proliablc  amount.'^ 

(d)  In  Lakes. — When  a  river  enters  a  lake  or  inland  sea  its  current 
is  checked,  and  its  sediment  begins 
to  spread  in  fan  -  shape  over  the 
bottom  (r  in  Fig.  131).  Every  tribu¬ 
tary  stream  brings  in  its  contribu¬ 
tion  of  detritus.  In  this  way,  a  series 
of  shoals  is 

lake  (Fig.  132  and  p.  522).  This 
phenomenon  may  frequently  l)e  in¬ 
structively  observed  from  a  height  overlookin 


Fig.  181.- -Streamlet  (b)  entenii}<  a  small  lakt* 
(ji),  and  deyositiii};'  a  fan  of  .sediment  (r). 


a 


among 


small  lake 

miiunUiiis.  At  the  month  of  each  torrent  or  brook  lies  a  little  tongue 
of  its  alluvium  (a  true  delfu),  through  which  the  streamlet  winds  in  one 

'  'I’liiK  .subjfct  still  needs  mucli  detailed  .study  anil  coniparisou  of  drainage  sy.stenis. 
There  can  lie  little  doubt  that  both  in  Kuropo  iiiid  in  North  America  tlie  rivers  at  a  eoni- 
paratively  recent  geological  period  were  larger  than  tliey  are  at  present.  Professor  Dana 
eouneeted  tlie  river-terraces  of  the  Eastern  Htate.s  of  Nortli  Aiuericii  with  stages  in  the 
elevation  of  tlu*  axis  of  the  continent. 
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or  more  brandies,  before  mingling  its  waters  with  those  of  the  lake. 
■Two  streams  entering  from  opposite  sides  (as  at  c,  d,  Fig.  132)  may  join 
their  alluvia  and  divide  a  lake  into  two,  like  the  once  united  lakes  ot 
Thun  and  Brienz  at  Interlaken.  Or,  by  the  advance  of  the  alluvial 
deposits,  the  lake  may  be  finally  filled  up  altogether,  as  has  happened  in 
innumerable  cases  in  all  mountainous  countries  (Fig.  133). 

The  rapidity  of  the  infilling  is  sometimes  not  a  little  remarkable,  hince  the  year 
1714,  the  Ivander  is  said  to  have  thrown  into  the  Lake  of  Thun  a  delta  measuring  230 
acres,  now  partly  woodland,  partly  meadow  and  marsh.  The  Aar,  at  its  entrance  into 
the  Lake  of  Brienz,  has  deposited  a  delta  3500  to  4000  feet  broad,  formed  of  detritus 
which  at  the  mouth  of  the  river  has  an  outward  slope  of  30'^,  that  gradually  falls  to  the 
nearly  level  lake-floor.  In  twenty-seven  years  after  its  rectification  the  Reuss  had  lai<l 
down  in  the  Lake  of  Lucerne  a  delta  estimated  to  contain  upwards  of  141  million  of 
cubic  feet  of  sediment,  which  is  equivalent  to  a  discharge  of  19,350  cubic  feet  in  a  day , 
or  nearly  7,000,000  cubic  feet  in  a  year.^ 


Fig.  132.— Pianola  Lake  entered  nytlnee  streams  Fig.  13.3.— Lake  (as  in  Fig.  132)  lilled  up  and 
(c,  d,  e),  eacli  of  which  deposits  a  cone  of  sedi-  converted  into  an  alluvial  plain  by  the  thre** 

luent  {a,  h)  at  its  mouth.  streain.s,  c,  d,  r. 


In  the  case  of  a  large  lake,  whose  length  is  great  in  jiroportion  to  the  volume  of  the 
tributary  river,  the  whole  of  the  detritus  may  be  deposited,  so  that,  at  the  outflow,  tlie 
river  becomes  as  clear  as  when  its  infant  waters  began  their  course  from  the  springs, 
snows  and  mists  of  the  far  mountains.  Thus,  the  Rhone  enters  the  Lake  of  (leneva 
turbid  and  impotuons,  but  escapes  at  Geneva  as  blue  translucent  water.  Its  sediment 
is  laid  down  on  the  floor  of  the  lake,  and  cbielly  at  the  upper  end,  as  an  important 
delta  which  quite  rivals  that  of  a  great  river  in  the  sea.  Hence,  lakes  act  as  filters  or 
sieves  to  intercept  the  sediment  which  is  travelling  in  the  rivers  from  tlie  liigh  grounds 
to  the  sea  (p.  522).- 

(e)  Estuarine  Deposits ;  Bars  and  Lagoon-barriers. — If  we  take  a 
broad  view  of  terrestrial  degradation,  we  must  admit  that  the  deposit  of 
any  sediment  on  the  land  is  only  temporary ;  the  inevitable  destination 
of  all  detrital  material  is  the  floor  of  the  sea.  Where  a  gently  flowing 
river  comes  within  the  influence  of  the  alternate  rise  and  fall  of  the 
tides,  a  new  set  of  conditions  is  established  in  regard  to  the  disposal  of 
the  sediment.  During  the  flow  of  the  tide  in  the  Severn,  for  example,  the 
suspended  mud  is  carried  up  the  estuary,  and  sometimes  far  up  its  tribu¬ 
taries.  For  two-thirds  of  the  ebb,  though  the  surface-water  is  running  out 
rapidly,  the  bottom  water  is  practically  at  rest :  only  during  the  remaining 
third  of  the  ebb  does  the  bottom-water  flow  outwards  and  with  sufficient 
^  A.  Heim,  Jalirb.  Schweizer  Alpenlditbs,  1879. 

^  Consult  the  .suggestive  essay  by  G.  K.  Gilbert  on  the  topographic  features  of  lake- 
shores,  A  Rep.  U.  S.  Ueol.  Siiru.  1885,  p.  75. 
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velocity  to  scour  the  channel.  But  this  lasts  for  so  short  a  time  that  it 
hardly  removes  as  much  mud  or  sand  as  has  been  laid  down  during  flood 
and  the  earlier  part  of  ebb  tide.  Hence  the  sediment  is  in  a  state  of 
continual  oscillation  upward  and  downward  in  the  estuary.  At  the 
lower  end,  some  portion  of  it  is  continually  being  swept  out  to  sea.  At 
the  upper  end,  fresh  material  of  similar  kind  is  being  supplied  by  the 
river.  But,  between  these  two  limits,  the  same  sediment  may  be  kept 
in  suspension  or  may  be  alternately  deposited  or  removed  for  many 
weeks  or  months  before  it  finally  escapes  to  sea  and  is  spread  out  on  the 
bottom.  To  this  cause,  doubtless,  the  remarkable  turbidity  of  many 
estuaries  is  to  be  attributed.^ 

Where  a  river,  with  a  consider al>le  velocity  of  current,  enters  the  sea, 
its  mouth  is  commonly  obstructed  by  a  bar  of  gravel,  sand  or  mud.  The 
formation  of  this  barrier  results  from  the  conflict  between  the  river  and 
the  ocean.  The  muddy  fresh  water  floats  on  the  heavier  salt  water,  its 
current  is  lessened,  and  it  can  no  longer  pash  along  the  mass  of  detritus 
at  the  bottom,  which  therefore  accumulates  and  tends  to  form  a  bar. 
Moreover,  as  already  mentioned  (p.  491),  though  fresh  water  can  for  a 
long  time  retain  fine  mud  in  suspension,  this  sediment  is  rapidly 
thrown  down  when  the  fresh  is  mixed  with  saline  water.  Plence,  apart 
from  the  necessary  loss  of  transporting  power  by  the  checking  of  the 
current  at  the  river -mouth,  the  mere  mingling  of  a  river  with  the 
sea  must  of  itself  be  a  cause  of  the  deposit  of  sediment.  Moreover, 
in  many  cases  the  sea  itself  piles  up  great  part  of  the  sand  and  gravel 
of  the  bar.  tleavy  river-floods  push  the  bar  farther  to  sea,  or  even 
temporarily  destroy  it ;  storms  from  the  sea,  on  the  other  hand,  drive  it 
farther  up  the  stream. 

But  besides  the  bars  at  the  mouths  of  rivers,  a  much  more  extensive 
accumulation  of  alluvium  from  the  land  is  found  in  the  form  of  a  long 
bank,  which  accumulates  in  front  of  a  low  shore,  and  sometimes  stretches 
along  a  coast-line  intermittently  for  hundreds  of  miles.  This  bank  or 
barrier  consists  of  sand,  silt,  or  even  gravel,  ■which  is  continually  trans¬ 
ported  along  the  coast  by  the  prevalent  current.  Owing  to  the  shallow¬ 
ness  of  the  water  the  waves  begin  to  break  at  some  distance  from  the 
beach,  and  the  agitation  which  they  cause  checks  the  onward  drifting  of 
the  sediment,  which  consequently  accumulates  in  a  bank  that  is  gradually 
increased  in  height,  until  eventually  by  the  aid  of  occasional  storms  it  is 
raised  above  the  line  of  high  water.  Though  the  barrier  retains  this 
position,  its  materials  along  the  seaward  slope  are  continually  being  pushed 
onward  along  the  coast,  while  fresh  supplies  of  sediment  arrive  to  make 
good  the  waste.  Inside  the  barrier  lies  a  long  strip  or  lagoon  of  calm 
water,  which  at  first  is  of  course  a  j)ortion  of  the  sea.  But  by  degrees, 
as  the  barrier  grows,  the  direct  connection  of  the  lagoon  with  the  sea 
may  be  cut  off,  and  the  water  inside  may  in  the  end  become  fresh.  The 
detritus  brought  into  it  from  the  land  slowly  fills  it  up,  until  it  may  pass 
into  the  condition  of  a  morass  or  peat-moss,  and  eventually  into  a  plain 

^  See  an  interesting  pjiper  by  Professor  Soli  ns,  J.  xxxix.  (1883),  p.  Gil, 

and  authorities  there  cited. 
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on  which,  though  its  surface  may  be  below  the  level  of  high  water,  trees 
will  grow.  If,  however,  owing  to  any  cause,  the  supply  of  sediment  to 
the  barriers  outside  should  fail,  the  waves  will  begin  to  attack  the 
accumulation,  and  when  it  is  breached  the  sea  will  at  high-water  inundate 
the  woodland  inside.  As  already  remarked  (p.  388),  it  was  no  doubt 
by  some  such  succession  of  changes  that  many  of  the  so-called  sub¬ 
merged  forests’’  of  Western  Europe  were  produced.  Bj"  the  formation 
of  coast-barriers  the  seaward  portion  of  the  drainage  of  a  country  may 
be  seriously  affected.  Rivers  are  sometimes  made  to  flow  parallel  to  the 
shore-line  for  long  distances  before  their  waters  can  And  an  exit  to  the 
sea.  Here  and  there,  though  there  may  be  no  visible  outlet,  the  water 
of  the  lagoon  is  kept  from  overflowing  by  soaking  through  the  porous 
barrier  and  so  reaching  the  beach  outside.  Elevation  of  the  land  on 
such  lagoon-fringed  coasts  gives  rise  to  a  maritime  border  of  flat  alliiviiiin. 
Portions  qf  the  raised  beaches  ”  of  Britain  which  have  had  this  origin 
contain  peat-filled  hollows  with  sheets  of  marl  full  of  lacustrine  shells. 


Some  of  these  facts  in  the  economy  of  rivers  have  been  well  studied  at  the  mouths  of 
the  Mississippi.  At  the  south-west  pass,  the  bar  is  erpial  in  bulk  to  a  solid  mass  one 
mile  square  and  490  feet  thick,  and  advances  at  the  rate  of  338  feet  each  year.  It  is 
formed  where  the  river-water  begins  to  ascend  over  the  heavier  salt  water  of  the  gulf, 
and  consists  mainly  of  the  sediment  that  is  pushed  along  the  hed  of  the  river.  A 
singular  feature  of  the  Mississip^n  bars  is  the  formation  upon  them  of  ‘‘ iuiid-lum])s.  ” 
These  are  masses  of  tough  clay,  varying  in  size  from  mere  protuberances  like  tree-trunks, 
up  to  islands  several  acres  in  extent.  They  rise  suddenly,  and  attain  heights  of  from  3 
to  10,  sometimes  even  18  feet  above  the  sea-level.  Salt  springs  emitting  inflammable 
gas  rise  upon  them.  After  the  lapse  of  a  considerable  time,  the  springs  cease  to  give  off 
gas,  and  the  lumps  are  worn  away  by  the  currents  of  the  river  and  the  gulf.  The  origin 
of  these  excrescences  has  been  attributed  to  the  generation  of  carburetted  hydrogen  by  the 
decomposing  vegetable  matter  in  the  sediment  underlying  the  tenacious  clay  of  the  bars.* 
Conspicuous  examples  of  the  formation  of  detrital  bars  may  occasionally  be  observed 

at  the  mouths  of  narrow  estuaries,  as  at  r 
in  Fig.  134.  A  constant  struggle  take.s 
place  in  such  situations  between  the  tidal 
currents  and  waves  which  tend  to  heap 
up  the  ])ar  and  block  the  entrance  to  the 
estuary,  and  the  scour  of*  the  river  and 
ebb-tide  which  endeavours  to  keep  the 
passage  open. 

On  a  coast-line  such  as  that  of  Western 
Europe,  subject  both  to  powerful  tnlal 
action  and  to  strong  gales  of  wind,  many 
interesting  illustrations  may  be  studied 
of  the  struggle  between  the  rivers  and  the 
sea,  as  to  the  disimsal  of  the  sediment 
borne  from  the  land.  De  hi  Becdie  de¬ 
scribed  an  example  from  the  coast  of  South  Wales,  where  two  streams,  the  Tovvey  and 
iN’edd  {a  and  h,  Fig.  135),  enter  Swansea  Bay,  bearing  with  them  a  considerable  amount 
of  sandy  and  muddy  sediment.  The  fine  mud  is  carried  by  the  ebb-tide  (t  1 1)  into  the 
.sheltered  bay  between  Swansea  (c)  and  the  Mumble  Rocks  (g),  but  is  partly  swept 


cf 


Fij,'.  134. — SliiiigU'  uiid  Sand -spit  p')  at  the  inoiitli  of 
ail  estuary  (c),  eiitetetl  by  a  river,  and  opening 
Upon  an  exposed  rocky  coast-line  (L'.). 


Humphreys  and  Abbot,  ‘Report  on.  Mississippi  Paver,’  1861,  i).  452. 
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round  this  headland  into  the  Bristol  Channel.  Tlie  coarser  sandy  sediment,  more 
rapidly  thrown  down,  is  stirred  up  and  driven  shorewards  by  the  breakers  caused  by 
the  prevalent  west  and  south-west  winds  {w).  The  sandy  iiats  thereby  formed  are  partly 
uncovered  at  low  water,  and  1)eing  then  dried  by  the  wind,  supply  it  with  the  sand 
which  it  blows  inland  to  form  the  lines  of  sand-dunes  ^ 

Of  lagoon  barriers  many  examples  may  be  observed  on  maps  of  Europe,  India  and 
IsTorth  America.  Instructive  illustrations  may  often  be  found  on  a  small  scale  wliere 


the  main  features  of  the  structure  are  well  displayed.  Thus  at  Start  Bay,  on  the  coast 
ot  lluvoii  (Fig.  130),  the  rocks  of  the  country,  which  consist  of  slates  {e)  generally  over¬ 
spread  with  a  coating  of  their  own  decayed  substance  {d),  slip  under  the  water  of  a  fresh¬ 
water  lagoon  (c)  which  is  separated  from  the  sea  [a)  hy  a  barrier  (b)  of  detritus.  The 
lagoons  of  the  shore.s  of  the  Mediterranean,-  and  the  Kurische  and  Frische  Haf  in  the 
Baltic,  near  Dantzic,  are  familiar  examples.  The  southern  coast  of  Iceland  is  for  many 


Pig.  136.— Section  of  Ear  and  Lugouii.  SUiptoii  Pool,  Start  Bay,  Devon  (i;.). 

leagues  fringed  with  sand-bars  formed  from  the  sediment  carried  down  by  the  glacier 
rivers  from  the  great  ice-iields.**  A  conspicuous  series  of  these  alluvial  bars  fronts  the 
American  mainland  for  many  hundred  miles  round  the  Gulf  of  Mexico  and  the  shores  of 
Florida,  Georgia  and  North  Carolina  (Fig.  137).^  A  space  of  several  hundred  miles  on 
the  east  coast  of  India  is  similarly  bordered,  ^lie  de  Beaumont,  indeed,  estimated 
that  about  a  third  of  the  whole  of  the  coast-lines  of  the  continents  is  fringed  with  such 
alluvial  bars,''^ 

^  ‘  Geological  Ob.server,’  p.  88. 

-  For  an  account  of  these,  see  Ansted,  Min.  Proc.  Inst.  Civ.  Ewjin.  xxvii.  (1869),  p.  287. 

^  See  Dr.  Thoroddsen’s  map  of  Iceland,  1901,  and  his  notes  in  Geografisk  Tidskrift,  vol. 
xii.  (1893-94),  part  vii.  p.  208: 

See  Report  by  H.  D.  Rogers,  Brif.  Assoc,  hi.  p.  13.  Some  information  regarding  these 
features  as  displayed  on  the  eastern  coast  of  the  United  States  will  he  found  in  a  paper 
by  J.  F.  Newsijii,  Journ.  (Jetd.  vii.  (1899),  p.  445. 

•'''  ‘  Lemons  de  Geologie  pratirpie,’  i.  p.  249.  Some  interesting  examples  of  this  kind  of 
deposit  are  there  described. 
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(/)  Deltas  in  the  Sea.^ — The  tendency  of  sediment  to  accumulate  in  a 
tongue  of  flat  land  when  a  riyer  loses  itself  in  a  lake,  is  exhibited  on  a 
vaster  scale  where  the  great  rivers  of  the  continents  enter  the  sea.  It 


Pig.  137.— Plan  of  Coast-bars  and  Lagoons.  Coast  of  Plorida. 


was  to  one  of  these  maritime  accumulations,  that  of  the  ISlile,  that  the 
G-reeks  gave  the  name  delta,  from  its  resemblance  to  their  letter  A,  with 
the  apex  pointing  up  the  river,  and  the  base  fronting  the  sea  (Fig.  138). 


Fig.  13S.  — IVlap  of  the  Delta  of  the  Nile.  The  liiiiila  uf  tlio  river  alluvium  are  shown  by  the  doited  lines. 

This  shape  being  the  common  one  in  all  such  alluvial  deposits  at  river- 
mouths,  the  term  delta  has  become  their  general  designation.  A  delta 
consists  of  successive  layers  of  detritus,  brought  down  from  the  land  and 
spread  out  at  the  mouth  of  a  river,  until  they  reach  the  surface,  and 
then,  partly  by  growth  of  vegetation  and  partly  hy  flooding  of  the 
river,  form  a  plain,  of  which  the  inner  and  higher  portion  comes  eventu¬ 
ally  to  he  above  the  reach  of  floods.  Large  quantities  of  drift-wood  are 
often  carried  down,  and  bodies  of  animals  are  swept  off  to  be  l)uried  in 
the  delta,  or  even  to  he  floated  out  to  sea.  Hence,  in  deposits  formed  at 

^  H.  Credner  discusse.s  this  subject  in  a  paper  entitled  “Die  Deltas,”  I^eterm.  Mitth. 
Ergiinziiugslmud  xii.  (1878). 
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I'ivers,  we  may  always  expect  to  fiad  terrestrial  organic 
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^oes  not  necessarily  form  at  every  river-mouth,  even  where 
of  sediment.  In  particular,  where  the  coast-line  on  either 
y  >  the  water  deep,  or  where  the  coast  is  swept  by  power- 

*  iir rents,  there  is  no  delta.^  In  some  cases,  too,  the  sediment 
over  the  sea-bottom  without  being  allowed  by  the  sea  to 
into  land,  as  happens  at  the  mouths  of  some  of  the  rivers 
tli-west  of  France.  Considerable  infiiience  may  be  exerted  by 
in  arresting  or  facilitating  the  spread  of  sediment  over 
*•1^  0(  ^  The  deltas  of  the  Ehdne,  Nile,  Tiber  and  Danube  have 

yniicHl  in  tideless  or  nearly  tideless  seas.- 

mill  It  I’iver  enters  upon  the  delta  portion  of  its  course,  it  assumes  a 
liauicter.  In  the  previous  parts  of  its  journey  it  is  augmented  by 
itnt*.s  ;  l)ixt;  now  it  begins  to  split  up  into  branches,  which  wind  to* 
DiroiigljL  the  flat  alluvial  land,  often  coalescing  and  thus  enclosing 
r  of  all  dimensions.  The  feeble  current,  no  longer  able  to 

itll  its  weight  of  sediment,  allows  much  of  it  to  sink  to  the 
11  and  to  g>^ther  over  the  tracts  which  are  from  time  to  time  sub- 
*1.  I  Dnice  many  of  the  channels  are  choked  up,  while  others  are 
1  «*ut  in  the  plain,  to  be  in  turn  abandoned;  and  thus  the  river 
^dy  Mhifts  its  channels.  The  seaward  ends  of  at  least  the  main 
ontwards  by  the  constant  accumulation  of  detritus  pushed 
li«*  Hen,  Tinless  this  growth  chances  to  be  checked  by  any  marine 
it  H%veeping  past  the  delta. 


tlelta  of  the  Nile  (Fig.  138)  cafFords  an  excellent  illustration  of  the  main 
H  »*|  *  It' I  t<t-ljixilding.  Of  the  seven  ancient  moiith.s  of  this  river  only  two  now  reniain. 
«ii  tlic%  m«ap,  many  threads  of  water  wind  across  the  plain,  and  after  depositing 
It  lliei  r  way  into  wide  shallow  lake.s  or  lagoons,  which  are  .separated  from  the 

a  II  ti  vial  barriers.  Everywhere  beneath  the  fluviatilc  deposits  of  the  delta  there 
ii^  k  of  yellowish  ferruginous  sand  and  gravel.  On  this  substratum  the  river 

4  II 1 1  51.  tl(*|  »tli  of  about  30  metres  of  fine  alluvial  clay.  To  this  plain  it  is  estimated 
i  rtliiilial  layer  of  fresh  material  is  added  amounting  to  about  24,400,000  caibic 
the  proportion  of  silt  carried  past  the  delta  and  out  to  sea  is  computed  at 
tfoO  metres.  This  vast  tribute  of  mineral  matter  does  not,  liowever,  go  to 

S'  til#*  #*xteiit  of  the  delta  seaward,  for  a  powerful  marine  current  sweeps  past  the 
14*1  tlie  sediment  eastward  beyond  the  most  easterly  mouth  of  the  river. 

lias  reached  a  period  in  its  history  where  it  is  still  increased  in  height 
iiiiisial  .cic.*y)OBit  of  silt,  but  cannot  extend  horizontally  save  where  the  ground  on 
Hidr  « it.  is  so  low  as  to  be  covered  during  the  iniiudation.  The  silt  delivered  into 
*  ill  r  I  r*’t  11  f ‘ail  by  the  Rosetta  and  Daniietta  branches  is  eventually  thrown  down  along 
•»!  tin.*  Kl  Arich  desert.  Part  of  it,  however,  is  arrested  by  the  great  jetty  which 
'll  r*iii  out  from  Port  Said,  and  so  rapid  is  the  growth  of  land  there  that  the  coast 
.  about  600  metres  since  the  construction  of  that  piece  of  engineering.*^ 


Atliiliral  Spratt’s  memoir,  ‘  A.n  Investigation  of  the  E(fect  of  the  iirevailing 
lillsjf oil  til e  Nile’s  Deposit,’ folio,  London,  1850. 

otf  ;t  « i  st>f  uission  on  non-tidal  rivers,  see  Min.  J^ror.  I  tint.  Cli\  AV/L/.  Ixxxii.  (1885), 
•  ill  for  Illation  is  given  about  the  Tiber  and  some  other  rivers. 

Biir  les  Depots  Nilothpies,”  //.  >S’.  G.  F.  xxvi.  (1898),  p.  545.  I^llie  de 
^1,!  tliB  ISTile  delta,  ‘  LeQons  de  Geologie  jiratique,’  i.  (1845),  pp.  405-492. 
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Other  cliaracteristic  aspects  of  delta-formation  where  no  antagonistic  marine  current 
interferes  are  well  displayed  by  the  delta  of  the  river  Mississippi  (Fig.  139).  The  area 
of  this  vast  expanse  of  alluvium  is  given  at  1*2,300  square  miles,  advancing  at  the  late  of 
262  feet  yearly  info  the  Griilf  of  Mexico  at  a  point  which  is  now  220  miles  from  the  head 
of  the  delta.^  On  a  smaller  scale  the  rivers  of  Europe  furnish  many  excellent  illustrations 
of  delta-growth.  Thus  the  alluvial  accumulations  of  the  Rhine,  Meuse,  Samhre,  Scheldt 
and  other  rivers  liave  formed  the  wide  maritime  plain  of  the  Netherlands.-  The 
Rhone,  which  has  deposited  an  important  delta  in  the  Mediterranean  Sea,  is  coni- 
i)iited  to  furnish  every  year  (by  the  Petit  Rhone)  about  four  millions  of  cubic  metres  of 


sediment  to  the  shores.=^  The  up])er  reaches  of  the  Adriatic  Sea  arc  being  so  rapidly 
shallowed  and  filled  up  by  the  Po,  Adige  and  other  streams,  that  Ravenna,  originally 
built  in  a  lagoon  like  Venice,  is  now  4  miles  from  the  sea ;  and  the  port  of  Adria,  so 
well  known  in  ancient  times  as  to  have  given  its  name  to  the  Adriatic,  is  now  14  miles 
inland,  while  on  other  parts  of  that  coast-line  the  breadth  of  land  gained  within  the 
last  1800  years  has  been  as  niiicli  as  20  miles.  Borings  for  water  near  Venice  to  a  depth 
of  572  feet  have  disclosed  a  succession  of  nearly  horizontal  clays,  sands  and  lignitiferous 
beds.  Marine  shells  [Canlium,  &c.)  occur  in  the  sandy  layers  ;  the  lignites  and  ligiiiti- 
ferous  clays  contain  land  vegetation  and  terrestrial  AxqWs  {Saccinea,  F'lqm,  Jleli.f’),  the 

1  Humphreys  and  Abbot,  oj).  cit.  ;  see  also  C.  Hartley,  Min.  Proc.  Inst.  Civ.  Jinn  in. 
xl.  p.  185  ;  W.  CJphani,  ^‘Growth  of  Mississippi  Delta,”  Amer.  (hul.  xxx.  (1902),  p.  lOli. 
The  tide  has  a  mean  rise  of  15  inches  every  24  hours  at  the  Mississippi  iiioutliH. 

2  Man  has  contriliiited  in  a  coiisideral)le  degree  to  the  changes  of  this  ])art  of  Europe 
during  historic  times,  and  his  influence  coiitiiiiies  to  be  shown.  He  has  reclainiecl  wide 
tracts  once  freciuently  inundated,  he  has  kept  out  the  .sea  by  dyke.s,  and  lie  has  schemes  for 
turning  the  Zuider  Zee  into  cultivable  land.  See  “The  Reclamatioii  of  the  Zuider  Zee” 
(with  map),  Oeog.  Joiirn.  i.  (1893),  p.  234;  W.  H.  Wlieeler,  Nature,  Ixv.  (1902),  p.  275. 

^  For  this  delta  ami  its  lagoons,  see  the  paper  by  Ansted,  cpioted  a-jite,  p.  513.  Reclus, 
‘Geographie  iiniverselle,’  tome  ii.  (France),  chaps,  ii.  and  iii. ;  ami  A.  Guerard,  Jlin.  Prac. 
Inst.  Civ.  Engm.  Ixxxii.  (1884-85),  p.  305. 
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succession  of  deposits  indicating  an  alternation  of  marine  and  terrestrial  or  fresli- 
conditions^  On  the  opposite  side  of  tlie  Italian  peninsula,  great  additions  liave 
made  to  the  coast -line  within  the  historical  x»eriocl.  It  is  computed  that  the 
xiscan  rivers  lay  down  as  much  as  12  million  cubic  yards  of  sediment  every  year  within 
marshes  of  the  Maremma.  The  yellow”  Tiber,  as  it  was  aptly  termed  by  the 
womans,  owes  its  colour  to  the  abundance  of  the  sediment  which  it  carries  to  sea.  It 
long  been  adding  to  the  coast-line  around  its  mouth  at  the  i‘ate  of  from  12  to  13 
per  annum.  The  ancient  harbour  of  Ostia  is  now  consetpiently  more  than  3  miles 
Aiiland.  Its  ruins  have  been  partially  excavated,  hut  every  high  flood  of  the  river  leaves 


iA  deposit  of  mud  on  the  streets  and  on  the  floors  of  the  uncovered  houses.  Hence 
i1:  'Would  seem  that  the  Tilier  has  not  only  advanced  its  coast-line  but  has  raised  its  bed 
oil  the  plains,  by  the  deposit  of  alluvium,  so  that  it  now  ovei-flows  places  which,  2000 
ago,  could  not  have  been  so  fre(j[uently  under  water.-  In  ihe  black  Sea,  a  great 
<lelta  is  I'apidly  growing  at  the  mouths  of  the  Danube.  At  the  Kilia  outlets  the  water 
in  shallowing  so  fast  that  the  lines  of  soundings  of  6  leet  and  130  feet  are  advancing  into 
tdia  sea  at  the  nite  of  between  300  and  400  feet  ])er  annum.’*  The  typical  delta  of  the 
ISTile  has  a  seaward  border  180  miles  in  length,  the  di.^tance  from  which  to  the  apex  of 
t  lie  ])lain  wliere  the  river  bifurcates  is  90  miles.'^  The  united  delta  of  the  Ganges  and 

'  filie  de  Beaumont,  '■Lemons  de  (Dologie  prati(pie,’  i.  j).  323.  Geol.  Mifij.  ix.  (1872), 
p-  486. 

-  See  an  interesting  article  by  Charles  Martins  on  the  Aigues-niortes  {Le.  dead  waters 
oi“  disused  river-ehainiels),  in  Itcriid  doa  JJrii.c  Mo/idc.%  1874,  p.  780.  I  accompanied  the 
*  I  i.stinguished  French  geologist  on  the  occasion  of  his  visit  to  Ostia  in  the  spring  of  1873, 
21.11  <1  was  much  struck  with  the  proofs  of  tlie  rapidity  of  deposit  in  favourable  situations.  In 
tlie  article  just  cited,  and  in  another  in  Couqden  mid.  Ixxviii.  p.  1748,  some  valuable  infonna- 
tdoii  is  given  regarding  the  progress  of  the  delta  of  the  lllioiie  in  the  MeditcTraiiean.  Inter- 
i*Kting  historical  data  as  to  geological  changes  at  the  mouths  of  the  Rhine,  IMeiise,  Elbe,  Po, 
Fill  One  and  other  European  rivers,  as  well  as  of  the  Nile,  will  be  found  in  Elie  de  Beaumont’s 
*•  r^e(;ons  de  Gcologie  pratique,’  i.  p.  253. 

**  Hartley,  Min.  Proc.  Jnst.  Civ.  Engin.  xxxvii.  ]).  216. 

For  a  detailed  study  of  tlie  Nile  delta  in  its  geological  aspects,  see  an  essay  by  Dr.  J. 

Mittheil.  Jahrh.  KUn.  Ungarisrl/en  CVo/.  Aiisf.  viii.  (1890),  p.  236. 
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Brahmaputra  (Fig.  140)  covers  a  space  of  between  50,000  aud  60,000  sq^uare  miles,  and 
has  been  bored  tliroiigk  to  a  depth  of  481  feet,  tlie  whole  mass  of  deposits  consisting  of 
fine  sands  and  clays,  with  occasional  pebble-beds,  a  bed  of  peat  and  remains  of  trees, 
but  with  no  trace  of  any  marine  organism.^ 

(y)  Sea-borne  Sediment. — Although  more  properly  to  be  noticed 
under  the  section  on  the  Sea,  the  final  course  of  the  materials  worn  by 
rains  and  rivers  from  the  surface  of  the  land  may  be  referred  to  here. 
By  far  the  larger  part  of  these  materials  sinks  to  the  bottom  close  to  the 
land.  It  is  only  the  fine  mud  carried  in  suspension  in  the  water  which 
is  carried  out  to  sea.  In  none  of  the  numerous  soundings  and  dredgings 
in  the  Gulf  of  Mexico  has  Mississippi  mud  been  obtained  from  the  bottom 
more  than  100  miles  eastward  from  the  mouth  of  the  river.-  The 
soundings  taken  by  the  Challenger,  however,  brought  up  land-derived 
detritus  from  depths  of  1500  fathoms — 200  miles  or  more  from  the 
nearest  shores  (p.  581).  The  sea  fronting  the  Amazon  is  sometimes 
discoloured  for  300  miles  by  the  mud  of  that  river. 

§  4.  Lakes. 

Depressions  filled  with  water  on  the  surface  of  the  land,  and  known 
as  Lakes,  occur  abundantly  in  the  northern  parts  of  both  hemispheres, 
and  more  sparingly,  but  often  of  large  size,  in  warmer  latitudes.*^  For 
the  most  part,  they  do  not  belong  to  the  normal  system  of  erosion  in 
which  running  water  is  the  prime  agent,  and  to  which  the  excavation 
of  valleys  and  ravines  must  be  attributed.  On  the  contrary,  they  are 
exceptional  to  that  system,  for  the  constant  tendency  of  running  water 
is  to  fill  them  up.  J'heir  origin,  therefore,  must  be  sought  among  some 
of  the  other  geological  processes.  (See  Book  VII.) 

^  For  a  full  account  of  tlie  alliuhiuii  of  the  Indo-Gangetic  plain,  see  ]\Iodlicott  and 
Blaiiford’s  ‘Geology  of  India,’ eliap.  xvii.,  and  aiithoritie.s  there  ;  also  a  more  recent 
ipaper  by  Mr.  Medlicott,  lieconis  (ieol.  Siirv.  India,  1881,  p.  2*20. 

A.  Agassiz,  A)ner.  Amd.  xii.  (1882),  p.  108. 

^  A  useful  eoiiipendiimi  of  information  on  the  .subject  of  lakes  i.s  .supplied  in  F.  A. 
Forel’s  ‘Handhuch  der  Seenkiuide,’  Stuttgart,  EngL'lliorii,  1900.  Knglish  lake.s  are 
discussed  by  H.  R.  Mill,  Ge.on.  Jaurn.  vi.  (1895),  pp.  46-73,  135-166  ;  J.  Marr,  (p.  J.  O'.  A.  li. 
(1895),  p.  35;  lii.  (1896),  p.  12.  Scottish  lake.s  hy  J.  Murray,  J.  P.  Xhdlar,  B.  N.  Peacli, 
and  J.  Horne,  Scottish  (huKjraph.  Akuj.  xvi.  (1900),  pp.  309-353  ;  xvii.  (1901),  pp.  273-296. 
The  lakes  of  France  hy  A.  Deleljee<iae,  in  Ms  large  and  well-illustrated  work,  ‘  Les  Lacs 
Francals,’  Paris,  1898.  Tlie  lakes  of  Switzerland  by  Fortd  in  the  work  above  referred  to;  in 
his  monograph,  ‘  Le  Leman.’  Lausanne,  2  vols.  1892,  1895— -a  valuable  e.ssay  on  the  reginic 
of  a  typical  lake  ;  and  in  many  papers  in  the  Ctnujd:  rend,  from  1875  onwards.  The  lakes 
of  Italy  by  0.  Mariiielli,  (ieogntf.  ItuL  i.  (1894),  ii.  (1895);  G.  de  Agostini,  ‘llLago 

d’Orta,’  Turin,  1897  ;  Bc>l.  Soc.  Ueog.  Itul.  1898,  fa.se.  ii.  and  ix.  ;  1899,  fa.se.  iii.  ;  Atti 
Congr.  Ueog.  Red.  1898  (gives  a  Ijibliography  of  the  subject).  The  traces  of  large  Pleistocene 
lakes  in  Sontherii  Italy  have  been  described  by  G.  de  Lorenzo,  Atti  Ac  cad.  8ci.,  Hai>le.s,  ix. 
(1898).  The  Balaton  Lake  (Flatten .see),  the  large.st  .sheet  of  water  iii  Hungary,  has  been  made 
the  subject  of  an  elaborate  monograph  by  a  Committee  of  the  Hungarian  Geographical  Society, 
in  which  the  physics,  chemistry,  geology,  flora,  fauna,  arclimology  and  ethnography  of  the 
area  are  described :  ‘  Eesultate  der  wissenscliaftlichen  Erforschung  des  Plattensees,’  3  vols. 
4to,  Vienna,  1897-98  and  subsequent  years.  ^ 
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Lakes  are  conveniently  classed  as  fresh  or  salt.  Those  which  possess 
an  outlet  contain  in  almost  all  cases  fresh  water ;  those  which  have 
none  are  usually  salt. 

1.  Fresh- water  Lakes. — In  the  northern  parts  of  Europe  and 
America,  as  first  emphasised  by  Sir  Andrew  C.  Eamsay,  lakes  are 
prodigiously  abundant  on  ice-worn  rock-surfaces,  irrespective  of  dominant 
lines  of  drainage.  They  seem  to  be  distributed  as  it  were  at  random, 
being  found  now  on  the  summits  of  ridges,  now  on  the  sides  of  hills, 
and  now  over  broad  plains.  They  lie  for  the  most  part  in  rock-basins, 
but  many  of  them  have  barriers  of  detritus.  Their  connection  with  the 
operations  of  the  Glacial  period  will  be  afterwards  alluded  to.  In  the 
mountainous  regions  of  temperate  and  polar  latitudes,  lakes  abound 
in  valleys,  and  are  connected  with  main  drainage- lines.  In  North 
America  ^  and  in  Equatorial  Africa  ^  vast  sheets  of  fresh  water  occur  in 
depressions  of  the  land,  and  are  rather  inland  seas  than  lakes. 

Lakes  may  be  classified  according  to  the  nature  and  origin  of  the 
basins  in  which  they  lie.  (1)  Some  have  been  produced  by  irregular 
movements  of  the  lithosphere,  whereby  hollows  have  been  formed  at 
the  surface,  by  which  the  drainage  is  intercepted.  Such  movements 
may  be  connected  with  mountain-making  or  with  slow  distortion  and 
fracture  of  the  crust,  like  the  uplift  which  is  now  gradually  altering  the 
topography  of  the  Great  I.akes  of  North  America;  or  with  sudden  and 
rapid  disturbances,  as  in  earthquakes,  when  the  ground  is  rent  or 
thrown  into  undulations ;  or  with  the  operations  of  volcanoes,  like  the 
crater-lakes  of  Italy,  the  Eifel,  and  Central  France.  (2)  Other  lakes 
have  been  formed  as  the  result  of  erosion.  Sometimes  the  material 
has  been  removed  by  solution,  as  in  the  meres  of  Cheshire  that  arise 
from  the  abstraction  of  rock-salt  l^y  underground  water,  or  in  the  lakes 
of  the  Karst  type,  where  the  solution  has  affected  limestones.  In  other 
cases  the  erosion  has  been  of  a  mechanical  kind,  as  where  wind  has 
scooped  out  hollows  that  become  temporarily  or  permanently  filled  with 
water,^  or  where  water  falling  over  a  cliff*  of  ice  or  rock  excavates  a 
hollow  in  the  rock  below,  or  where  land-ice  grinds  out  a  basin  in  a  solid 
rock  (postea,  p.  552).  (3)  Still  another  class  of  lakes  has  arisen  from  the 

deposition  of  material  in  such  a  form  as  to  arrest  and  retain  sheets  of 

^  Out  of  the  voluminous  literature  which  has  gathered  round  the  Great  Lakes  of  North 
America  the  following  writings  may  be  cited  here  : — The  jiapers  hy  G.  K.  Gilbert  and  those 
of  J.  W.  Spencer  already  quoted  on  p.  387  ;  also  J.  W.  Spencer,  Atncr.  (real.  xiv.  (1894), 
p.  289;  XXL  (1898),  p.  110  ;  A.  N.  Wiiichell,  op.  cU.  xix.  (1897),  p.  336. 

“  Among  the  pa])ers  (levote<l  to  the  investigation  of  the  Great  African  lakes  are  tho.se  hy 
R.  Sieger,  Jahresb.  Verem  (neogntph.  Umvcraitiit,  Wien,  xiii.  (1887)  ;  (Uohutt,  Ixii.  1892  ; 

J.  (r.S.  xlix.  (1893),  p.  579.  A.  Carson,  Q.  J.  (/.  xlviii.  (1892),  }>.  401  ;  Petmn.  Mitt. 
xx.xviii.  (1892),  p.  250  ;  xxxix.  (1893),  p.  47  ;  Pi'oe.  Roy.  (ieogmph.  S'oc.  1892,  p.  827. 
J.  E.  S.  Moore,  Proc.  Roy.  Sue.  Ixii.  (1898),  p.  450;  Nature,  Iviii.  (1898),  pp.  404  ;  lix.  i)p.  152, 
251  ;  Qxiart.  Journ.  Micro.  Sci.  xli.  })p.  159-180.  These  papers  furnish  biological  evidence 
in  favour  of  the  lakes  having  once  been  connected  with  the  sea.  Captain  Boileau  and  L.  A. 
Wallace,  (imj,  Journ.  xiii.  (1899),  p.  577. 

Ante,  p.  437.  As  further  examples,  the  dry  lakes  of  Western  Australia  may  l)e  referretl 
to.  H.  P.  Woodward,  (kog.  Mag.  1897,  p.  363. 
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water.  Frequent  illustrations  of  this  operation  are  supplied  by  land¬ 
slips,  which  when  they  are  launched  across  valleys  pond  back  the 
drainage  above  them.  Similar  effects  are  sometimes  produced  by  rivers 
where  they  throw  down  barriers  of  detritus  across'  tributary  valleys. 
But  the  most  impressive’  examples  are  probably  those  supplied  by 
glaciers.  Here  and  there  the  ice  itself,  advancing  down  a  main  valley, 
blocks  up  the  mouth  of  a  tributary,  as  the  Aletsch  glacier  has  done  in  the 
case  of  the  Marjelen  Sea.  More  frequently  it  is  the  moraines  shed  by  the 
ice  that  have  impeded  the  drainage,  as  in  thousands  of  examples  all  over 
the  northern  hemisphere.  The  detritus  left  by  the  sheets  of  ice  that 
once  overspread  so  much  of  Northern  Europe  and  North  America  had  a 
most  irregular  surface,  and  many  of  its  hollows  on  the  retirement  of  the 
ice  became  and  still  remain  water-filled  lakes.  The  lagoons  that  lie 
inside  the  barriers  of  sand  or  gravel  thrown  up  along  a  sea-coast  some¬ 
times  become  fresh-water  lakes  {ante^  p.  511).  The  loops  of  water  left 
isolated  where  a  river  has  straightened  its  course  (Aigues-mortes,  p.  499) 
likewise  form  permanent  lakes.^ 

The  water  of  many  lakes  has  been  observed  to  rise  above  its  normal 
level  for  a  few  minutes  or  for  more  than  an  hour,  then  to  descend  beneath 
that  level,  and  to  continue  this  vibration  for  some  time.  In  the  Lake  of 
Geneva,  where  these  movements,  locally  knowm  there  as  Snches,  have 
long  been  noticed,  the  amplitude  of  the  oscillation  ranges  up  to  a  metre 
or  even  sometimes  to  two  metres.  These  disturbances  may  sometimes 
be  due  to  subterranean  movements ;  but  probably  they  are  mainly  the 
effect  of  atmospheric  perturbations,  and,  in  particular,  of  local  storms 
with  a  vertical  descending  movement. . 

The  distribution  of  temperature  in  lakes  is  a  question  of  considerable 
geological  interest,  as  it  affects  climate  and  lacustrine  faunas  and  floras. 
As  far  back  as  1788,  Count  Morozzo  made  observations  of  the  vertical 
range  of  temperature  in  the  Lago  d'Orta  in  Piedmont ;  and  though,  from 
the  imperfect  thermometers  then  available,  his  results  have  no  precise 
value,  they  demonstrated  the  important  fact  that  the  water  some  distance 
down  was  colder  than  that  of  the  surface.  This  observfition  has  since 
been  verified  by  much  more  exact  determinations.  It  is  now  well  known 
that  in  lakes  of  considerable  depths,  situated  in  regions  where  the  wdntcr 
temperature  is  low,  a  permanent  mass  of  cold  water  lies  at  the  bottom. 
The  cold,  heavy  water  of  the  surface  in  winter  sinks  down ;  and  as  the 
upper  layers  cannot  be  heated  by  the  direct  rays  of  the  sun,  save  to  a 
trifling  and  superficial  extent,  the  temperature  of  the  deep  parts  of  these 
basins  is  kept  permanently  at  little  above  that  of  the  maximum  density 
of  fresh  water  (39°  Fahr.;  3*89°  C.). 

At  Loch  Lomond  in  Scotland,  which  lies  25  feet  above  sea-level,  with  a  depth  of 
about  600  feet,  and  is  in  great  measure  siuToinided  with  high  hills,  Christisoii  found  a 

^  See  a  good  paper  by  Professor  W.  M.  Davis,  “  On  the  Classification  of  Lake  Basins,” 
Pi'oc.  Boston  Soc.  Xat.  Hist.  xxi.  (1882),  p,  315. 

2  P.  A.  Forel,  Gom.]otes  rend.  Ixxx.  (1875),  p.  107  ;  Ixxxiii.  (1S76),  p.  712  ;  Ixxxvi.  (1878), 
p.  1500  ;  Ixxxix.  (1879),  p.  859  ;  Assoc.  Frant^aise,  1879,  p.  493.  P.  dii  Bois,  Conijctes  rend. 
cxii.  (1891),  p.  122. 
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tolerably  (constant  temperature  of  about  42®  Falir.  in  the  lowest  100  feet  of  watei-.^ 
More  extended  observations  have  since  been  made  Ijy  Sir  John  Murray  and  the  staff  of 
the  Scottish  Mlarine  Station  in  Lochs  Ness,  Oich,  Morar  and  Shiel,  as  well  as  in  some 
of  the  fjords  and  sounds  of  the  Avest  of  Scotland,  and  the  earlier  deductions  have  been 
confirmed.  The  surface  of  Loch  Morar  in  September  1887  was  found  to  have  a  tempera¬ 
ture  of  57'8°  Fahr,,  but  at  a  depth  of  160  fathoms  the  thermometer  had  fallen  to  42 ’1°. 
The  surface  temperature  of  Loch  Ness  in  the  same  month  was  54°,  but  at  120  fatlioms 
42'!°.-  Careful  thermoraetric  soundings  have  been  carried  on  in  the  Italian  lakes  by 
Signor  G.  de  Agostini.  In  the  Lago  d’Orta,  where  the  early  observations  of  Count 
Morozzo  were  made,  he  found  that  in  September,  while  the  temperature  of  the  surface 
water  ranged  between  20°  and  23*2°  C. ,  at  a  depth  of  140  metres  it  was  persistentl}"  5 ’2° 
C.  In  February  the  temperature  of  the  surface  water  Avas  as  low  as  4*9°  and  the 
water  at  140  metres  Avas  4*8° — the  winter  temperature  prcAmiling  from  top  to  bottom  of 
the  lake.  In  the  Lago  Maggiore,  the  September  temperature  of  the  superficial  Avater  is 
22°  C.,  that  of  the  bottom  water  (at  350  metres)  5*7°.  In  the  Lugano  lake  the  numbers 
were  21*5°  and  (at  240  metres)  5*3°  ;  in  that  of  Como  20°  and  (at  410  metres)  6*1°  ;  in 
that  of  Garda  19°  and  (at  240  metres)  7‘7°A  Even  in  the  iimcli  smaller  and  sballoAver 
lakes  in  Central  Italy  a  siniihir  distribution  of  temperature  has  been  found.  Thus  in 
the  Lago  di  Bolsena,  the  surface  of  Avliich  .stands  305  metre.s  above  sea- level,  the 
September  temperature  of  the  upper  layer  of  Avater  was  found  to  range  from  24-5°  at  the 
surface  down  to  24 '1°  at  a  depth  of  10  metres.  Below  that  point  the  thermometer 
.steadily  falls  until  at  SO  metres  it  is  only  9°,  slowly  sinking  till  in  the  bottom  layers 
(at  140  metres)  it  reaches  7*2°.  The  temperature  below  a  depth  of  30  or  40  metres 
remains  nearly  uniform  all  the  year.'^ 

Greological  functions. — Among  the  geological  functions  discharged 
by  lakes  the  following  may  be  noticed  : — 

1st.  Lakes  equalise  the  temperature  of  the  localities  in  which  they 
lie,  preventing  it  from  falling  as  much  in  winter  and  rising  as  much  in 
summer  as  it  would  otherwise  do.  When  a  strong  wind  blows  along  a 
lake  it  drives  forward  the  warm  surface  water.  In  consequence  of  this 
superficial  current  the  colder  water  lower  down  is  brought  up  to  the 
surface,  where  it  gets  warmed  by  the  sun  and  air  as  it  is  pushed  towards 
the  other  end  of  the  lake.  By  this  transference  a  certain  amount  of 
circulation  is  brought  about  even  in  the  water  of  a  deep  lake.  The  air- 
above  the  chilly  water  that  conies  up  to  the  surface  is  cooled,  and  on  the 
other  hand  the  bottom  water  is  kept  from  remaining  quite  so  cold.  As 
an  example  of  the  equalising  effect  of  a  large  lake  on  the  climate  of  its 
surroundings,  the  Lake  of  Geneva  is  cited,  the  mean  annual  temperature 
of  the  water  at  its  outflow  being  nearly  -L"  Fahr,  warmer  than  that  of 
the  air.'^ 

^  For  oh.servatioii.s  on  the  freezing  of  thi.s  and  other  iake.s,  .see  J.  Y.  Bncliaiian,  Xature, 
xix.  p.  412.  On  the  deep-Avater  temperature  of  lakes,  A.  Buchan,  Brit.  yLsvsfor.  187‘2,  Sects. 
]).  207. 

'^iProc.  Buy.  Soc.  Eilin.  xviii.  (1890-91),  p.  139. 

G.  de  Ago.stini,  ‘II  Lago  d’Orta,’  Turin,  1897,  pp.  29,  32. 

^  G.  de  Ago.stini,  “  Esjdorazioni  idrografiche  nei  Laghi  Vulcaiiitd  della  Provincia  di  Roma,” 
IU)1.  Sac.  (/teoif.  U(d.  1898,  fasc.  ii. 

The  lakes  of  Sweden,  Avhich  cover  oiie-twelCtli  of  the  surface  of  the  country,  exercLse 
an  important  iutlueiice  on  climate  according  as  they  are  frozen  or  open.  See  Profes.sor 
Hildehraiids.son  on  the  freezing  and  breaking  up  of  the  ice  on  the  Swedi.sh  Iake.s,  Ann. 
Bur.  (kntral  AEMorot  France,  1878. 
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2nd.  Lakes  regulate  the  drainage  of  the  area  below  their  outfall, 
thereby  preventing  or  lessening  the  destructive  effects  of  floods.^ ' 

3rd  Lakes  filter  river- water  and  permit  the  undisturbed  accumulation 
of  new  deposits,  which  in  some  modern  cases  may  cover  thousands  of 
square  miles  of  surface,  and  may  attain  a  thickness  of  nearly  3000  feet 
(Lake  Superior  has  an  area  of  32,000  square  miles ;  Lago  Maggiore 
is  2800  feet  deep).  How  thoroughly  lakes  can  filter  river-water  is 
typically  displayed  by  the  contrast  between  the  muddy  river  which 


Fig.  141.  “Section  of  a  Delta-cone  pushed  by  a  brook  into  a  lake. 

flows  in  at  the  head  of  the  Lake  of  G-eneva,  and  the  blue  rushing  of 
the  arrowy  Rhone,’’  which  escapes  at  the  foot.-  The  mouths  of  small 
brooks  entering  lakes  afford  excellent  materials  for  studying  the  behaviour 
of  silt-hearing  streams  when  thej^  reach  still  water.^  Each  rivulet  may 
be  observed  pushing  forward  its  delta  composed  of  successive  sloping 
layers  of  sediment  (imte,  p.  509).  On  a  shelving  bank,  the  coarser 
detritus  may  repose  directly  upon  the  solid  rock  of  the  district  (Fig.  141), 
But  as  it  advances  into  the  lake,  it  may  come  to  rest  upon  some  older 


Fig.  142.— Stream-detritus  pusherl  forward  over  a  previous  lacustrine  silt  (/>.). 


lacustrine  deposit  (Fig.  142).  The  river  Liiith  since  1860  has  annually 
discharged  into  Lake  Wallenstadt  some  62,000  cubic  metres  of  detritus. 

A  river  which  flows  through  a  succession  of  lakes  cannot  carry  much 
sediment  to  the  sea,  unless  it  has  a  long  course  to  run  after  it  has  passed 
the  lowest  lake,  and  receives  one  or  more  muddy  tributaries  (see  p.  509). 
Let  US  suppose,  for  example,  that,  in  a  hilly  region,  a  stream  passes 

^  As  already  stated  (p.  446),  winds  blowing  strongly  down  the  length  of  a  lake  may  raise 
the  water-level  and  increase  the  volume  of  tlie  outflow.  If  this  takes  place  coincideutly 
with  a  heavy  rainfall,  the  flood  of  the  escaping  river  is  greatly  augmented.  Tlie.se 
features  are  noticed  in  Loch  Tay  (D.  Steveinsoii,  ‘■Reclamation  of  Land,'  p.  14).  Hence, 
though,  on  the  wliole,  lakes  tend  to  moderate  floods  in  the  outflowing  rivers,  they  may,  by  a 
combination  of  circumstances,  sometimes  increase  them. 

^  When  the  Rhone  reaches  the  Lake  of  Oeiieva  its  water  rapidly  sinks  to  the  bottom, 
carrying  with  it  the  tribute  of  glacier  mud  Avith  which  it  is  charged.  The  cau.se  of  thi.s 
sudden  disappearance  has  been  variously  exyilained.  M.  Deleloecque  quotes  the  experiments 
of  M.  Schloesiiig,  which  showed  that  when  the  proportion  of  lime  and  magnesia  in  water  falls 
below  0 '06  gramme  per  litre,  the  clay  in  suspension  is  iirecipitated  Avith  extreme  slown'ess. 
The  proportion  of  the  alkaline  earths  in  the  Lake  of  Gi-eneva  was  found  liy  M.  Delebecque 
to  be  0’0747  gramme  per  litre.  ^  Les  Lacs  Pran9ais,’  p.  70. 

^  On  the  characters  of  lake-sediments,  see  a  paper  by  Mr.  Hutchings,  Geoi.  Marj,  1894 
n.  300. 
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through  a  series  of  lakes  {a,  b,  c,  in  Fig.  143).  As  the  highest  lake 
will  intercept  much,  perhaps  all,  of  this  sediment,  the  next  in  succession 
will  receive  little  or  none  until  the  first  is  either  filled  up  or  has  been 
i dined  by  the  cutting  of  a  gorge  through  the  intervening  rock  at  /. 


Fig.  143. — Filling  up  of  a  succession  of  Lakes  (£.). 


The  same  process  will  be  repeated  at  e  and  d  until  the  lakes  are  effaced, 
and  their  places  are  taken  by  alluvial  meadows.  Examples  of  this 
sequence  of  events  are  of  frequent  occurrence  in  Britain.^ 

Besides  the  detrital  accumulations  due  to  the  influx  of  streams,  there 
are  some  which  may  properly  be  regarded  as  the  work  of  lakes  them¬ 
selves.  Even  on  small  sheets  of  water,  the  eroding  influence  of  wind- 
waves  may  be  observed ;  but  on  large  lakes  the  wind  throws  the  water 


Fig.  144.-™-Beach-Hliingle,  Lake  Ontario/ from  a  photograijh  by  G.  K.  Gilbert,  U.  S.  Geol.  Survey. 


into  waves  which  almost  rival  those  of  the  ocean  in  size  and  destruc¬ 
tive  power.  Barriers,  bars,  beaches,  sand-dunes,  shore-cliffs  and  other 
familiar  features  of  the  meeting- line  between  land  and  sea,  re-appear 
along  the  margins  of  such  fresh- water  seas  as  the  Great  Lakes  of  North 
America  (Fig.  144).  Beneath  the  level  of  the  water  a  terrace  or  plat¬ 
form  is  formed,  of  which  the  distance  from  shore  and  depth  vary  with 

^  Much  iiifonuation  regarding  the  details  of  the  distribution  of  sediment  over  the  bottom 
of  lakes  will  be  found  in  the  work  of  M.  Belebecqne  quote<l  above. 
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the  energy  of  the  waves  by  which  it  is  produced.  This  platform  is  well 
developed  in  the  Lake  of  Genevad  In  climates  where  the  winters  are 
severe  enough  to  freeze  the  lakes,  important  geological  changes  are 
wrought  on  the  shores  by  ice  {2^o$tea,  p.  532). 

Some  of  the  distinctive  features  of  the  erosion  and  deposition  that 
take  place  in  lake-basins  have  been  admirably  laid  open  for  study  in 
those  basins  of  vanished  lakes  which  have  been  so  well  described  by 
Gilbert,  Dutton,  Eussell  and  Upham  in  the  Western  Territories  of  the 
United  States.  They  have  been  treated  of  in  a  masterly  \vay  by  Gilbert 
in  his  essay  on  “  The  Topographic  Features  of  Lake-shores.”  - 

4th.  Lakes  serve  as  basins  in  which  chemical  deposits  may  take 
place.  Of  these  the  most  interesting  and  extensive  are  those  of  iron-ore, 
which  chiefly  occur  in  northern  latitudes  (pp.  186,  612).^  Extensive 
accumulations  of  calcareous  tufa  were  formed  along  the  margins  of  the 
great  Pleistocene  lakes  of  the  Great  Basin  of  North  America,  The 
highest  terrace  of  Lake  Bonneville  contains  tufa  in  which  fresh-water 
shells  are  enclosed.'^ 

5th.  Lakes  furnish  an  abode  for  a  lacustrine  fauna  and  flora,  receive 
the  remains  of  the  plants  and  animals  washed  down  from  the  surround¬ 
ing  country,  and  entomb  these  organisms  in  the  growing  deposits,  so  as  to 
preserve  a  record  of  the  lacustrine  and  terrestrial  life  of  the  period  during 
which  they  continue.  Besides  the  more  familiar  pond-snails  and  fishes, 
tlie  largest  lakes  possess  a  peculiar  pelagic  fauna,  consisting  in  large 
measure  of  entomostracous  crustaceans,  distinguished  more  especially  hy 
their  transpaimicy.^  These,  as  well  as  the  organisms  of  shallower  water, 
doubtless  furnish  calcareous  materials  for  the  mud  or  marl  of  the  lake- 

^  D.  Colladoii,  Bull.  (/enl.  France  (3),  iiu  p.  661. 

2  Cx.  K.  Gilbert,  Lid  Ann.  Rep.  U.  K  G.  K  (1880-81)  ;  fdh  Ann.  Rep.  II.  X  G.  X  1885  ; 
“■  Lake  Bonneville,”  i.  U.  X  Q.  X.  1890  ;  Report  of  Kaiue  Survey,  1880-81, 

p.  169  ;  1.  C.  Eussell,  3rd  Rep.  C.  X  0.  X  1881-82,  p.  195  ;  4th  Report,  1882-S3,  p.  435  ; 
3tJt  Report,  1886-87,  p.  201  ;  and  liis  “Geological  History  of  Lake  Laliontaii,”  which  forms 
Monuifraph  xi.  (1885)  of  same  Survey  ;  W.  Upham  on  the  beaches  and  terraces  of  a 
former  glacial  lake  (Lake  Agassiz),  Bidl.  U.  X  G.  X  No.  39  (1887)  ;  3th  Au'n.  Rep.  Geol. 
and  X((t.  Hist.  Sicn\  Minnesota  (1879),  pp.  84-87  ;  “The  Glacial  Lake  Agassiz,”  Monog. 
XXV.  r.  X  (r,  X  1895  ;  H.  W.  Turner  on  a  vanished  lake  in  Mohawk  Vallej',  Plumas 
County,  California,  Bull.  Phil.  Roc.  Washington,  xi.  (1891),  p.  385. 

^  For  an  elaborate  paper  on  these  lake-ores  (See-erze),  see  Staiiif,  Z.  iJentsch.  Geol.  Ges. 
xviii.  pp.  86-173  ;  also  A.  F.  Thoreld,  Geol.  Foren.  Rtoclc.hohn  Fork.  iii.  p.  20  ;  and  posted, 
Sect.  iii.  p.  612. 

“Lake  Bonneville,”  pj).  167,  209. 

F.  A.  Forel,  Archires  d.  Sciences,  Sept.  1882  ;  “  La  Fanne  profonde  des  Lacs  Suisses,” 
Minn.  Soc.  JlelcU.  Sci.  Nat.  xxix.,  Zurich,  1885.  0.  E.  Imhof,  Ann.  Mag.  Nat.  JJist. 

1884,  p.  69.  Dr.  E.  Peiiard,  “  Les  Rhizopodes  de  la  Faune  profonde  dams  le  Lac  Leman.” 
Rente  Suisse  de  Zoologie,  vii.  (1899).  C.  A.  Davis,  “A  Contrilmtion  to  the  Natural  History 
of  Marl,”  Joarn.  Geol.  vih.  (1900),  p.  485,  and  ix.  (1901),  j).  491.  This  writer  has  found 
tlnit  the  algie  Chura  and  ScliRothri.r  are  the  chief  agents  in  forming  the  marl  in  the 
Michigan  lakes,  and  that  the  deeper  parts  of  these  lakes  are  generally  free  from  any  thick 
deposits  of  a  calcareous  nature.  The  Ohara  has  not  been  recorded  as  living  at  a  greater 
depth  than  seven  to  nine  metres,  and  it  is  in  the  water  above  that  limit  that  the  main 
accumulation  of  marl  appears  to  take  place. 
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bottoms.  Many  fresh-water  plants  also  precipitate  carbonate  of  lime  on 
their  surfaces  or  secrete  it  within  their  cells.  The  stonewort  {Cham)  is 
particularly  effective  as  an  agent  in  abstracting  the  lime  from  solutions 
in  lake- water  and  in  forming  lacustrine  marl. 

But  it  is  as  receptacles  of  sediment  from  the  land,  and  as  localities 
for  the  preservation  of  a  portion  of  the  terrestrial  fauna  and  flora,  that 
lakes  present  their  chief  interest  to  a  geologist.  Their  deposits  consist 
of  alternations  of  sand,  silt,  mud,  gravel  and  occasional  irregular  seams  of 
vegetable  matter,  together  with  sheets  of  calcareous  marl  (p.  612).  In 
lakes  receiving  much  sediment,  little  or  no  marl  can  accumulate  during 
the  time  w^hen  sediment  is  being  deposited.  In  small,  clear  and  not 
very  deep  lakes,  on  the  other  hand,  where  there  is  little  sediment,  or 
where  it  only  comes  occasionally  at  intervals  of  flood,  beds  of  white  marl, 
sometimes  20  or  30  feet  deep,  formed  entirely  of  organic  remains,  may 
gather  on  the  bottom,  as  has  happened  in  numerous  districts  pf  Scotland, 
Ireland,  and  in  Michigan  and  the  adjoining  States.  The  fresh-water 
limestones  and  clays  of  some  old  lake-basins  (those  of  Miocene  time  in 
Auvergne  and  Switzerland,  and  of  Eocene  age  in  Wyoming,  for  example) 
cover  areas  occasionally  hundreds  of  square  miles  in  extent,  and  attain  a 
thickness  of  hundreds,  sometimes  even  thousands,  of  feet. 

Existing  lakes  are  of  geologically  recent  origin.  Their  disappearance 
is  continually  in  progress  by  infilling  and  erosion.  Besides  the  dis¬ 
placement  of  their  water  l^y  alluvial  accumulations,  they  are  lowered  and 
eventually  drained  by  the  cutting  down  of  the  barrier  at  their  outlets. 
Where  they  are  effaced  merely  by  erosion,  it  must  be  an  excessively 
slow  process,  owing  to  the  filtered  character  of  the  water  (p.  522)  ;  but 
where  it  is  performed  by  the  retrocession  of  a  waterfall  at  the  head  of  an 
advancing  gorge,  it  may  be  relatively  rapid  after  it  has  once  l)egun.^ 
In  a  river-course  it  is  usual  to  find  a  lakc-like  expansion  of  alluvial 
land  above  each  gorge.  These  plains  may  l)e  regarded  as  old  lake- 
bottoms,  which  have  been  drained  by  the  cutting  out  of  the  ravines 
(p.  502).  Successive  terraces  often  fringe  a  lake  and  mark  former  levels 
of  its  waters.^  It  is  when  we  reflect  upon  the  continued  operation  of 
the  agencies  which  tend  to  efface  them,  that  we  can  l)est  realise  why  the 
lakes  now  extant  must  necessarily  be  of  comparatively  modern  date. 
Their  modes  of  origin  are  further  discussed  in  Book  VII, 

2.  Saline  Lakes,  considered  chemically,  may  be  grouped  as  mlt  lakes, 
where  the  chief  constituents  are  sodium  and  magnesium  chlorides  with 
magnesium  and  calcium  sulphates ;  and  hittej'  lakes,  which  are  usually 
distinguished  by  their  large  percentage  of  sodium  carbonate  as  well 
as  chloride  and  sulphate  (natron-lakes),  sometimes  by  their  proportion  of 
borax  (borax  lakes).  From  a  geological  point  of  view  they  may  be 
divided  into  two  classes — (1)  those  which  owe  their  saltness  to  the 

^  The  level  of  the  Lake  of  Geneva  is  said  to  have  l)een  lowered  al)0ut  six  and  a  half  feet 
since  Roman  times  (Dausse,  Bull.  Soe.  (Jeol.  Fraiice  (3),  iii.  p.  140)  ;  l)iit  this  may  perhaps 
be  explicable  in  part  at  least  by  diminution  in  the  water  supply. 

^  For  striking  examples  of  such  terraces,  see  those  of  the  vanished  Lake  Bonneville,  as 
described  and  figured  in  Mr.  Gilbert’s  great  monograph  above  cited. 
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evaporation  and  concentration  of  water  poured  into  tliem  by  their  feeders  ; 
and  (2)  those  which  were  originally  parts  of  the  ocean. 

(a)  Salt  and  bitter  lakes  of  terrestrial  origin  are  abundantly 
scattered  over  inland  areas  of  drainage  in  the  heart  of  continents,  as  in 
Utah  and  adjacent  territories  of  North  America,  and  on  the  great 
plateau  of  Central  Asia.  These  sheets  of  water  were  doubtless  fresh  at 
first,  but  they  have  progressively  increased  in  salinity,  because,  though 
the  water  is  evaporated,  there  is  no  escape  for  its  dissolved  salts,  which 
•consequently  remain  in  the  increasing  concentrated  liquid.  In  Ladakh, 
extensive  lakes  formed  by  the  ponding  back  of  valley  waters  by  alluvial 
fans,  have  grown  saline  and  bitter,  and  have  become  the  site  of  deposits 
of  rock-salt  and  soda.^ 

The  Great  Salt  Lake  of  Utah,  which  has  been  so  carefully  studied  by  Gilbert 
and  other  geologists,  may  be  taken  as  a  typical  example  of  an  inland  basin,  formed  by 
unequal  subterranean  movement  that  has  intercepted  the  drainage  of  a  large  area, 


Fig.  145.— Terraces  of  Great  Salt  Lake,  on  the  flanks  of  the  Wahsatcli  Mountains. 


wherein  rainfall  and  evaporation,  on  the  whole,  balance  each  other,  and  w'here  the  w'ater 
becomes  increasingly  salt  from  evaporation,  but  is  liable  to  lluctuations  in  level,  accord- 
ing  to  oscillations  of  meteorological  conditions.  The  present  lake  occupies  an  area  of 
rather  more  than  2000  square  miles,  its  surface  being  at  a  height  of  4250  feet  above*  the 
sea.  It  is,  however,  merely  the  shrunk  remnant  of  a  sheet  of  water  which  covered  an 
area  of  19,750  square  miles,  and  to  which  the  name  of  Lake  Bonneville  has  been  given 
by  Gilbert.-  It  is  surrounded  with  slopes  and  mountains,  along  the  sides  of  which 
well-delined  lines  of  terrace  mark  former  levels  of  the  water  (Fig.  145).  The  highest  of 
these  terraces  lies  about  1000  feet  above  the  present  surface  of  the  lake,  so  that  when  at 
its  greatest  dimensions  this  vast  sheet  of  W’ater  must  have  liad  a  depth  of  about  1050 
feet,  its  surface  standing  at  a  level  of  more  than  5000  feet  above  the  sea,  and  covering  an 
area  of  346  miles  from  north  to  south,  and  145  miles  in  extreme  width  from  east  to 
west.  It  was  then  certainly  fresh,  for,  having  an  outlet  to  the  north,  it  drained  into 
the  Pacitic  Ocean,  and  in  its  stratilied  deposits  a  lacustrine  molluscan  fauna  has  heen 
found. ^  According  to  Gilbert  there  are  proofs  that,  previous  to  the  great  extension  of 

1  F,  Drew,  ‘  Jiimmoo  and  Kashmir  Territories.’ 

The  details  of  this  remarkable  piece  of  geological  history  will  he  found  in  Mr.  Gilbert’s 
monograph,  already  cited. 

^  For  an  account  of  this  fauna,  see  R.  E.  Call,  Bull.  U,  S.  Geol.  Surv.  No.  11  (1884). 
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Lake  Bonneville,  there  was  a  dry  period,  during  which  considerable  accumulations  of 
siibaerial  detritus  were  formed  along  the  slopes  of  the  mountains.  A  gret,t  meteorological 
change  then  took  place,  and  the  whole  vast  basin,  not  only  that  termed  Lake  Bonneville, 
but  a  second  large  basin,  Lake  Lahontan  of  King,  lying  to  the  west  and  hardly  inferior 
in  area,  was  gradually  filled  with  fresh  water.  Again,  another  meteorological  revolution 
supervened  and  the  climate  once  more  became  dry.  The  waters  shrank  back,  and  in  so 
doing  left  a  remarkable  succession  of  terraces  as  records  of  their  successive  levels. 
When  they  had  sunk  below  the  level  of  their  outlet,  they  began  to  grow  increasingly 
saline.  The  decrease  of  the  water  and  the  increase  of  salinity  were  in  direct  relation  to 
each  other,  until  the  present  degree  of  concentration  has  been  reached,  which  is  shown  in 
the  table  (p.  529).  The  Great  Salt  Lake,  at  present  having  an  extreme  depth  of  less  than 
50  feet,  is  still  subject  to  oscillations  of  level.  These  variations  are  partly  annual,  due 
to  the  melting  of  the  snow  on  the  neighbouring  mountains,  which  makes  the  lake  reach 
its  maximum  height  in  June,  and  partly  non-periodic.  When  surveyed  by  the  ■ 
Stansbury  Expedition  in  1849,  the  water  was  11  feet  lower  than  in  1877,  when  the  Survey 
of  the  40th  Parallel  examined  the  ground.  Since  its  discovery  the  lake  has  twice  risen 
and  twice  fallen,  the  second  fall  being  still  in  progress.  Large  tracts  of  flat  land, 
formerly  under  water,  are  being  laid  bare.  As  the  w’ater  recedes  from  them  and  they 
are  exposed  to  the  remarkably  dry  atmosphere  of  these  regions,  they  soon  become 
crusted  with  a  white  saliferous  and  alkaline  deposit,  which  likewise  permeates  the 
dried  mud  underneath.  So  strongly  saline  are  the  waters  of  the  lake,  and  so  rapid 
the  evaporation,  as  I  found  on  trial,  that  one  floats  in  spite  of  oneself,  and  the 
under ’surfaces  of  the  wooden  steps  leading  into  the  water  at  the  bathing-places  are 
hung  with  short  stalactites  of  salt  from  the  evaporation  of  the  drip  of  the  emergent 
bathers.^ 

Some  of  the  smaller  lakes  in  the  great  arid  basin  of  North  America  are  intensely 
bitter,  and  contain  large  quantities  of  carbonate  and  sulphate  as  well  as  chloride  of 
sodium.  The  Big  Soda  Lake  near  Ragtown  in  Nevada  contains  129*013  grammes  of  salts 
in  the  litre  of  water*.  These  salts  consist  largely  of  chloride  of  sodium  (55*42  per  cent  of 
the  whole),  sulphate  of  soda  (14*86  per  cent),  carbonate  of  soda  (12*96  per  cent)  and 
chloride  of  potassium  (3*73  per  cent).  Soda  is  obtained  from  this  lake  for  commercial 
purposes.*-^ 

{h)  Salt  lakes  of  oceanic  origin  are  comparatively  few  in  numlDer. 
In  their  case,  portions  of  the  sea  have  been  isolated  by  movements  of  the 
earth’s  crust ;  and  these  detached  areas,  exposed  to  evaporation,  which 
is  only  partially  compensated  by  inflowing  rivers,  have  shrunk  in  level, 
and  at  the  same  time  have  sometimes  grown  much  salter  than  the  parent 
ocean. 

The  Caspian  Sea,  180,000  square  miles  in  extent,  and  with  a  maximum  depth  of  from 
2000  to  3000  feet,  is  a  magnihcent  example.  The  shells  living  in  its  waters  are  chiefly 
the  same  as  those  of  the  Black  Sea.  Banks  of  them  may  be  tiuced  between  the  two 
seas,  with  salt  lakes,  marshes  and  other  evidences  to  prove  that  the  Caspian  was  once 
joined  to  the  Black  Sea,  and  had  thus  communication  with  the  main  ocean.  In  this  case 
also  there  are  proofs  of  considerable  changes  of  water-level.  At  present  the  surface  of 
the  Caspian  is  85|r  feet  below  that  of  the  Black  Sea.  The  Sea  of  Aral,  also  sensibly  salt 

^  Full  information  regarding  the  Great  Basin  and  its  lakes  is  to  be  found  in  vol.  iii,  of 
Wheeler’s  Survey  West  of  lOUth  Meridian,  vols.  i.  and  iv.  of  the  SiLrvey  of  the  J^Oth  Parcdlel, 
ond  B,e2')ort  of  V.  S.  Oeol.  Surrey,  1880-81,  and  in  tlie  reports  and  monographs  of  Messrs. 
Gilbert  and  Russell  cited  on  p.  524.  See  also  J.  E.  Talmage,  “The  Waters  of  the  Great 
Salt  Lake,”  Science,  xiv.  (1889),  p.  444. 

^  Bull  U.  S.  G.  S,  No.  9  (1884),  p.  25.  T.  M.  Chatard,  Anier.  Joivni.  ScL  xxxvi. 
(1888),  p.  148,  and  xxxviii.  (1889),  p.  59.  B.  U.  S.  G,  S.  No.  60  (1890). 
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to  the  taste,  was  once  probably  united  witli  the  Caspian,  but  now  rests  at  a  level  of  242*7 
feet  above  that  sheet  of  water.  The  steppes  of  south-eastern  Russia  are  a  vast  depression 
with  numerous  salt  lakes  and  abundant  saline  and  alkaline  deposits.  It  has  been 
supposed  that  this  depression  continued  I'ar  to  the  north,  and  that  a  great  firth,  running 
up  between  Europe  and  Asia,  stretched  completely  across  what  are  now  the  steppes  and 
plains  of  the  Tundras,  till  it  merged  into  tlie  Arctic  Sea.  Seals  of  a  species  {Fhoccc 
casj)LC(()  which  may  be  only  a  variety  of  the  common  northern  form  {Fh.  fcdida)  abound 
in  the  Caspian,  which  is  the  scene  of  one  of  the  chief  seal-fisheries  of  the  worhl.^  On 
the  west  side  of  the  Ural  chain,  even  at  present,  by  means  of  banals  connecting  the  rivers 
Volga  and  Dwdna,  vessels  can  pass  from  the  Caspian  into  the  White  Sea." 

The  cause  of  the  isolation  of  the  Caspian  and  the  other  saline  basins  of  that  region 
is  to  be  sought  in  underground  movements  which,  according  to  Hehnersen,  are  still  in 
progi-ess,  but  partly,  and,  in  the  case  of  the  smaller  basins,  probably  chiefly,  in  a  general 
diminution  of  the  water  supply  all  over  Central  Asia  and  the  neighbouring  regions.  The 
rivers  that  flow  from  the  north  towards  Lake  Balkash,  and  that  once  doubtless  emptied 
into  it,  now  lose  themselves  in  the  wastes  and  are  evaporated  before  reaching  that  sheet 
of  water,  which  is  fed  only  from  the  mountains  to  the  south.  The  channels  of  the  Aniui' 
Darya,  Syr  Darya,  and  other  streams  bear  witness  also  to  the  same  general  desiccation.*^ 
At  present,  the  amount  of  water  su[)plied  by  rivers  to  the  Caspian  Sea  appears  on  the 
whole  to  balance  that  removed  by  evaporation,  though  there  are  slight  yearly  or  seasonal 
fluctuations.  In  the  Aral  basin,  however,  there  can  be  no  doubt  that  the  waters  are 
progressively  diminishing,  the  rate  in  the  ten  years  between  1848  and  1858  having  been 
18  inches,  or  l‘S  inch  per  annum. 

Owing  to  the  enormous  volume  of  fresh  water  poured  into  it  by  its  rivers,  the  Caspian 
Sea  is  not,  as  a  whole,  so  salt  as  the  main  ocean,  and  still  less  so  than  the  l\Iediterranean 
Sea.  Nevertheless  the  inevitable  result  of  evaporation  is  there  manifested.  Along  the 
shallow  pools  which  border  this  sea,  a  constant  deposition  of  salt  is  taking  place,  forming 
sometimes  a  pan  or  layer  of  rose-coloured  crystals  on  the  bottom,  or  gradually  getting 
dry  and  covered  with  drift-sand.  This  concentration  of  the  water  is  particularly  marked 
in  the  great  ofishoot  called  the  Karahoghaz,  which  is  connected  with  the  middle  basin 
of  the  Caspian  Sea  by  a  channel  150  yards  wide  and  5  feet  deep.  Through  this  narrow 
mouth  there  flows  from  the  main  sea  a  constant  current,  which  Von  Baer  estimated  to 
carry  daily  into  the  Karaboghaz  350,000  tons  of  salt.  An  apprecdable  increase  of  the 
saltness  of  that  gulf  has  been  noticed  ;  seals,  which  once  fre(|uented  it,  liave  forsaken  itH 
barren  shores.  Layers  of  salt  are  gathering  on  the  mud  at  the  bottom,  where  tliey  have 
formed  a  salt-bed  of  unknown  extent ;  and  the  sounding-line,  when  sc'arcely  out  of  the 
water,  is  covered  with  saline  crystals.*^ 

The  following  table  shows  the  ])roportions  of  saline  ingredients  in  1000  parts  of  the 
water  of  some  salt  lakes  and  inland  seas  : — 


^  Another  variety  or  species  of  seal  inhabits  Lake  Baikal.  For  an  account  of  the  structure 
and  distrilmtioii  of  seals,  see  an  interesting  monograph  by  J.  A.  Allen  in  Jliscel/mietmj:/ 
Piihlications  of  U.  S.  Geological  and  Geograjohical  Survey  of  the  Territories,  Washington, 
1880. 

2  Count  Von  Hehnersen,  however,  has  stated  his  belief  that  for  this  extreme  northern 
prolongation  of  the  Aralo-Caspiaii  Sea  there  is  no  evidence.  The  shells,  on  the  presence  of 
which  over  the  Tundras  the  opinion  was  chiefly  based,  are,  according  to  him,  all  fresh- water 
species,  and  there  are  no  marine  .shells  of  living  species  to  be  met  with  in  the  plains  at  the 
foot  of  the  Ural  Mountains. 

BalL  Acad,  Imy.  St.  PUershourg,  xxv.  (1879),  p.  535.  For  an  account  of  these  river.s 
and  Lake  Aral,  see  H.  Wood,  Joimi.  Hoy.  OeuL  Soc.  xlv,  (1875),  p.  367,  where  an  estimate 
is  given  of  the  animal  amount  of  evaporation. 

^  Von  Baer,  Bull  Acad.  St.  PHershoimj  (1855-56).  See  also  Carpenter,  Proc.  Hoy. 
Geog,  Soc.  xviii.  No.  4. 
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Deposits  In  Salt  and  Bitter  Lakes. . ntudy  of  prnHjipitationH 

whirh  fjtkf  on  tin*  floors  of  tno(I(*rn  salt  lak(%s  is  iinpoitaut  in 

lil^hfc  upon  tho  lust<ny  of  a  nuinbtsr  of  clujiiiic-ally  formed  rocks.* 
1  he  Halts  in  thoHc  watorK  accumulate  until  tlnur  point  of  saturation  is 
ri»achcd,  or  until  hv  chemical  reactions  they  an^  thrown  down.  Tin*, 
least  ftoliihle  arc  naturally  the  first  to  appear,  tln^  water  l)C(u>ming  pro- 
grcHsivcly  more  and  mon*  saline  till  it  rea(!lms  a  condition  lik(*.  tha,t  of 
tin*  iiiotiii‘r4iqmn*  of  a  salt- work,  (lypmim  Ihj^hs  to  he  thrown  down 
from  wei^wiiter,  when  47  pi‘r  cent  of  wattn*  has  henm  (iva,porat(Hl,  ])ut  1)4 
per  cent  of  %ratcr  niUHt  he  ciriven  c)fr  ht*forc.  chlorides  of  sodium  caai  begin 
to  be  deposited,  Hencaj  tln^  (concentration  and  evaporation  of  tine  wat<n‘ 
of  a  Hiilf  lake  having  a  camipoHition  like  that  of  the.  scca  would  giv(‘.  rise 
first  to  a  layer  tn*  s<de  of  gypsum,  followcid  by  om*.  of  rocdc-salt.  I’his 
lia.-i  bf‘efi  foiimi  to  be  the  mu'inal  ord(‘r  among  thcc  various  salibcrous 
b»riiiati<»isH  in  the  earth’s  (umimI,  lint  gypsum  may  lx*  prcccipitjite.d  without 
rock  salt,  eifhet'  fs'causi*  the  watte*  was  diluted  {xd’orc.  tin*,  point  of  satura 
lion  fur  rock  salt  wan  reachial,  or  b(*ca.us(*  the  saJt,  if  d(‘p(mit(c(b  ha.H  ixcen 
aib-srf|nrri! !y  din.^edved  a,nd  r«*moved.  In  (‘vtcry  caw*.  wh(*r(*.  an  aJt.tU’nation 
of  rif  gypsiiiii  and  n»ck  salt,  ca'cttrs,  thertc  must  liavc*  Inam  repeated 

if’iiewalh  of  fill*  water  supply^  (‘ach  gypsum  zont?  marking  tine  commence- 
liieiil  of  a  series  of  precipitatcH. 

Ihit  from  wdiat  lian  now  been  adducecl  it  is  obvious  that  the  (corn 
position  of  many  existing  saline  lakes  is  strikingly  unlike  that  of  the  sea 
ifi  projMiriJoiw  (»f  tlni  diflerent  eongtituents.  Horne  of  them  (‘oritain 
carixtiiatn  of  Moiliiini  ;  in  otlicrH  the  ehloridt?  of  magtieHiunt  is  enormously 
ill  cxceitfi  Ilf  thi!  less  »oluble  chloride  of  sodiuim  4'he«(^  variations  modify 
the  efrcctu  Ilf  the  f!vii|ioraiioii  of  iidditional  supplies  of  watm*  now  j)oiu*ed 
itilo  the  lakes,  llie  presence  of  the  sodium-earlHmate  causes  the  de^ 
coiiiposifiofi  of  liriie  with  the  con«cir|uent  precipitation  of  calcium 

carliomite  accompanied  wi'tii  a  slight  admixture  of  magneHium  cai'honat.e, 

^  r»ii  !iii’  *  i«»ii  of  tliii  Wfiti»r  ol  {nid  WttiT  ln,k«'?-4,  ?«•<!  thf  aufilyMoi 

III  fill  *  VliPiuim-hr  (U'f»logl#%’  1.  |».  Ift1  t’J  m'q,  ;  also  tin,'  great  mithw  of  pHjiorH  on  tho 
rif  l»y  Vaii't  Hotf,  nmriolison  an<l  Wrigat  in  thr  Sif'jt/if/Ai. 

Jlw/,,  iifitt  in  of  'Ho-  ‘iltli  prtpi'r  (gypHUiii  lun!  anhydrite) 

jp|ti’iiir*i  11}  tlii"  of  tlo'  Sfl'jiHffAh  lor  ‘ilnt  ,\(»vrmlM*r  UlOl.  Hit  alno  J.  H.  Van’l 

Hot!  jiud  W.  Iilfyi'riioift'r.  /*'}/;«■/#,  pkq.Mil.  ('k*'mi*\  wvii.  (iHfCaj,  |»,  74. 
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The  desiccated  doors  of  the  great  saline  lakes  of  Utah  and  ISTevada  have  revealed 
some  interesting  facts  in  the  history  of  saliferous  deposits.  The  ancient  terraces 
inaikiiig  former  levels  of  these  lakes  are  cemented  by  tufa,  which  appears  to-  have 
been  abundantly  formed  along  the  shores  where  the  brooks,  on  mingling  with  the 
lake,  immediately  parted  with  their  lime.  Even  at  present,  oolitic  grains  of  carbonate 
of  lime  ai’e  to  be  found  in  course  of  formation  along  the  margin  of  Great  Salt  Lake, 
thougli  carbonate  of  lime  has  not  been  detected  in  the  water  of  the  lake,  being  at  once 
})reeipitate(l  in  the  saline  solution.  The  site  of  the  ancient  salt  lake  which  has  been 
termed  Lake  Lahoritan  displays  areas  several  square  miles  in  extent  covered  with 
deposits  of  calcareous  tufa,  20  to  60  and  even  150  feet  thick.  This  tufa,  however, 
presents  a  remarkable  peculiarity.  It  is  sometimes  almost  wholly  composed  of  what 
have  been  determined  to  be  calcareous  pseudomorphs  after  gaylussite  (a  mineral 
composed  of  carbonates  of  calcium  and  sodium  with  water)  —  the  sodium  of  the 
mineral  having  been  replaced  by  calcium.  When  this  variety  of  tufa,  distinguished 
by  the  name  of  tJdnoliU^  was  originally  formed,  the  waters  of  the  vast  lake  must  have 
been  bitter,  like  those  of  the  little  soda-lakes  which  now  lie  on  its  site — a  dense  solution 
in  which  carbonate  of  soda  predominated.  On  the  margin  of  one  of  the  present  soda- 
lakes,  crystals  of  gaylussite  now  form  in  the  drier  season  of  the  year.  Yet  no  trace 
of  carbonate  of  lime  lias  been  detected  in  the  water.  The  carbonate  of  lime  in  the 
crystals  must  be  derived  from  water  which  on  entering  the  saline  lakes  is  at  once 
deprived  of  its  lime.^ 

§  5.  Terrestrial  Ice. 

Fresh  water,  under  ordinary  circumstances,  when  it  reaches  a 
temperature  of  32°  Fahr.  passes  into  the  solid  state  by  crystallising  into 
ice.  In  this  condition  it  performs  a  series  of  important  geological 
operations  before  being  again  melted  and  relegated  to  the  general  mass 
of  liquid  terrestrial  waters.  Five  conditions  under  which  ice  occurs  on 
the  land  deserve  notice,  viz.,  frost,  frozen  rivers  and  lakes,  hail,  snow 
and  glaciers. 

Frost. — Water,  if  perfectly  still,  may  fall  below  the  freezing-point 
without  freezing,  hut  when  it  is  then  moved,  it  at  once  freezes  over.  In 
freezing,  water  expands,  so  that  100  volumes  become  109.  If  it  he 
confined  in  such  a  way  that  expansion  is  impossible,  it  remains  liquid 
even  at  temperatures  below  the  freezing-point;  hut  the  instant  that 
the  pressure  is  removed’  this  chilled  water  becomes  ice.  There  is  a 
constant  effort  on  the  part  of  the  water  to  expand  and  become  solid, 
very  considerable  pressure  being  needed  to  counterbalance  this  expansive 
power,  which  increases  as  the  temperature  sinks.  At  30°  Fahr.  the 
pressure  must  amount  to  146  atmospheres,  or  the  weight  of  a  column 
of  ice  a  mile  high,  or  138  tons  on  the  square  foot.  Consequently,  when 
the  water  freezes  at  a  lower  temperature,  its  pressure  on  the  walls  of 
its  enclosing  cavity  must  exceed  138  tons  on  the  square  foot.  Bomb¬ 
shells  and  cannon  filled  with  water  and  hermetically  sealed  have  been 
burst  in  strong  frosts  by  the  expansion  of  the  freezing  water  within 
them.  In  nature,  the  enormous  pressures  which  can  be  obtained  artificially 
occur  rarely  or  not  at  all,  because  the  spaces  into  which  water  penetrates 
^  King,  Explm'uUo'H  of  the  4(Jth  Parallel,  i.  p.  510.  I.  C.  Russell,  S'nl  Awn.  Rep, 
LI.  >S'.  (J.  K  (1838),  p.  211,  and  his  monograph  on  ‘‘Lake  Laliontaii.”  T.  M.  Chatard  on 
“Natural  Soda,”  JUdl.  U.  A  G.  S.  No.  60  (1890).  On  the  crystallographic  form  and 
chemical  compofejition  of  the  tliiiiolite,  E.  S.  Lana,  Bull.  U.  S.  Geol.  Ain\  No.  12  (1884).  • 
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u  if  Ii  4  «  a  ’  I.  a  I  *  i  k  I  n  .a  n  n  4  ra  <  |  *m1^  4  ilann/ 

nif  *  m.imH  M  *  .4,4  I  .r  mMm|i|  4  .  »l  .  IM  ,  ,  k  ,ra  nn  sMi  iiftla  I 

a|i  Wa  11*4*  ii*i4  4  apnn  1  a  ^  i  *  .4  n*  4|t|.M|alMi  ^rali  / 

I  Ip  m»|!m  «n/<'  mI  t  ^  4  ki  iia  *  ^  \l  I  M  na'  ai  1*4  4  ’h  m  ipfniiiMip  l|t 

nf  «ii  |tki.  I  f|  III  |!?  I  Mi  '  r*  I  a  I  M  4  *  si  4  ^  .  M  p  M  1  la  »  niiiaf* 

hip  k  '  |t*p»  VMii  ..n  af  .  Mipi/aif  1  M  I  isn  ‘  t  « ♦  Ml/  1  k»  iiMM’sia  m|  paiin 

fain  ,1  I  aiM<!a  ifpl  lip  i  4^  I  j|4r  al  n, 
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'*  iiiifhnr  i«'«‘ f|).  Istf)  fonus  on  th(‘  hottoins  of  the  rivers  and  rises 
!n  till*  In  so\'<*!‘al  ways,  i^eolo^qeal  changes  are  thus  elleeta^d, 

Miicl,  gnt\t‘h  houhirrs  iau'asfd  lu  tin*,  aiicdior-icc'.,  or  pusheci  along  hy 
it  nil  tin*  hottoin,  are  moved  from  their  position.  This  ic%  formed  in 
I'lmsiderahle  «|iiantity  in  tim  I’apids  of  the  Canadian  rivers,  is  carried 
down  Hfream  and  aeemimlateH  against  the  I>arH  and  hanks,  or  is  pushed 
o\er  npfiii  tin*  surfaee  of  the  uppc*r  ice.  {>y  its  a,ceunmIation  a  temporary 
harrier  is  form<‘d,  Hn*  hursiingof  which  cauww  destruetivci  floods.  When 
the  ice  hreaks  up  in  ea.rly  summer,  (*akeH  of  it  which  have  lanm  formed 
along  shore,  and  have  eiielosed  heaeii-pehhies  and  Imulders,  float  off  so 
as  either  to  drop  these  in  de(*pt‘r  wa,t(*j*  or  to  strand  tlnmi  on  some  otlnn* 
part  of  the  sin  ire. 

lliiH  kiiei  tninA|M»jt  tiiki's  plin’i*  on  a  j^reat  scale  on  the  Ht.  hawreneio  Hie 
iiilefs  «»f  l♦olll»if*r  rL'iy  and -Holiii  rock  are  frini^cd  with  hlockn  which  have  bean  .stranded 
hv  irr  iiid  wtdeli  ail'  ir.idy  to  he  a^aiii  lan'lcwed  and  (loate.d  od'  fartlnu’  down  Htri'.aiii. 
Siiiiiild  a  lyih*  dtiriii*;  the  hnsiking  up  of  the  frost,  vast  jdlcH  of  ice,  with  ndnglcal 
gi'iivel  4ii*f  iiijiy  he  driven  iwhorc  ainl  pushed  up  the.  hcach  ;  even  hloikn  of 

‘Ueiie  ##f  eoij|..i4*’rnh|i'  ’'.i/.r  aic  .Hiiuicf  imes  hifeed  to  a  height  of  s('V<‘ral  yards,  temrint?  up 

>«»il  tludr  way,  and  lii'lplnx  to  form  a  hank  above  the  wah'rdcvid.  To  the  same 
nvei,  i'lea!  d*'.Hf I iirt i»»ii  of  banks  has  been  cHUhcd  hy  rafts  of  i<'c,  sind  juirt ic.ularly  of 
aria  ri.ih  for  example,  which  was  about  an  acre,  and  a  half  in  (*xtcnt 

:it  llic  of  flfih  rcntiiry,  has  entirely  disafipcared,  its  place  hein^  indicaihul 

iiicrciy  by  a  lipple  of  the  wafer,  whi<‘h  is  every  year  ^ettin^  de«*per  over  the 

>iife. ■'  fuller  hao*  hImo  heen  destroyed,  (treat  damage  is  fre<|ucntly  done  to 

<|iPiMiiiid  liri*igi?H  in  tlif'  :ianp‘  n'gion,  by  fnas.ses  of  river-iee  drivam  against  them  on 
Ilif*  asii%Ml  of  ^piiiig,  ileferenee  has  already  been  made  to  tin*  inereaHcd  powm’  of 
fraiiaport  siiul  enwiim  aei|iiir»*d  by  frown  rivt*rH5  and  especially  whe.n,  as  in  Hiheria, 
lee  hreais  Up  In  llic  liigfier  parts  of  their  «*our.Hes,  hefore  it  given  way  in  the 
lower  /p. 

Hall,  tin*  fnrnmtitm  of  which  is  md.  yet  w(*ll  uiuhu’Hiood,*^  faJls  chicdly 
in  .Hiimnicr  mid  during  tliimdcrsiormH.  When  tin*  pidlc.is  of  ici^  arc, 
inmni  together  so  as  to  rcnch  tin*  grottml  in  lumps  as  hirgit  a,H  n.  pigeon’s 
**gg,  or  larger,  groat  damagit  is  often  done  to  eattle,  flying  birds,  and 
vegetafjon,  'Frees  liave  thm'r  leaves  and  fruit  torn  off,  and  faun  erops 
are  !a!iifeii  dinviid 

Snow,  -dn  those  parts  of  the  luirth’K  Hurfa.c(‘.  wfiere,  m'ther  from 
geognipliica!  position  or  from  i*h*.vation  into  t.ln^  upper  I'old  rcigionn  of 
the  atnifispliina%  the  mean  annual  temperature  is  hedow  tlu^  frcH.wJng'- 
point,  file  cmmlmwed  moisture  falls  eliiefly  as  snow,  and  remaitm  in  groat 
nie;iHiire  iinmelted  f liroiigliout  the  year.  A  line,  te.rnnul  t.luj  .s7/n//:./me, 
can  i»*  trimed,  below  which  tlie.  snow  di.mppe.arH  in  Hummer,  but  aliovc* 

^  riiiidif lulM.  uieutdllig  t<»  I>r.  iLie  \\i,  ji,  felHh  nrc  *.  I'd,,  ll  reeky  (U 

heffi.m  ;  *Jiid.  -dtalfeu  mater  ;t  =  eiufipured  witli  tliiii  Itiglier  up  the  ream  ;  hrd,  a 
•  miff*  f  1  uro'jil  liiul  04i|,dier  wafer,  in  efnii|mii»w»ii  with  ii  Hindotli  and  niower  motion 
iOjiin  It  a  itei.'a%  dilHliiy,  adhesive  kind  of  ic'c.  Sec  id-io  .V//Oov,  \  »4i. 

p,  «*|  :* ;  ui,  |»p.  Ill,  r#L 

'  ip,  J.  .<*«.  '■kwl.  p.  dipt  :  \xuii.  p,  ;ih2. 

I'lsr  Ml  lieeirtisil  .i»t  the  dlllerelil  tliinirie.H  piMpiiHi-tl  to  ueemiut  f<»r  hail,  nee  hroleHair 

Ijcniij,  J  /"Vee*  |i.  hU»;  I  SHU,  p,  14*1, 

*  Fmi-  Jl  iarateui  kI  de’Ui fi*  f ive  aetiMii,  -ii'c  .Vo/e/r,  \hiL  p. 
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'dwuy  till*  rultiiijx  <‘f!  th«*  bark^  and  ev(ni  nawibig  into  the  wood 

fui- 

Ice-caps  and  Glaciers.'  I  iio  slow  !oo\’eni<‘nt  and  compression  o:^tlie 
ttliifln  by  gra\ itat  ioii^  (‘r<n‘pH  downward  into  valhiys  descending 
troiii  -iiftH  risi*  to  largi*  bodic*s  of  ice.  "rhe  snovc  in  the  higher 

i'o^jioii’^^  i-i  !oo;*^o  and  granular.  As  it  moves  downward  it  becomes  firmer, 
iiilo  ihr  ronditioii  i)f  /jrrr  ur  Jim  (p.  ISp),  (Gradually,  as  the 

graiinl**-  ari*  pre-^sed  together*  and  the  air  is  S([ueezed  out,  the 
a-«.,Miiiies  ilii«  rliaruiier  of  blue  compact  crystalline  ice,  often  with  a 
iii4rk»‘d  4nitit!ed  4 niet lire,  arising  from  t.h(‘  suc,(!cs.siv(‘,  d(*.posits  of  snow 
and  fumi  ilm  ihawiug  am!  refreezing  of  the  layers,  From  a  geological 
poiitf  *4  \iewi,  fill  -  ire  may  b<»  regardcsl  as  t.h(‘.  drainages  of  th(i  snowfall 
abiai*  till*  ,uiow  line,  a-%  a  ri\er  is  tln^  drairtage^  of  tins  rainfall.  A  glacier, 
liki'  a  alw;yVH  in  motion,  though  so  slowly  that  it  s(huus  to  he 

>«olid  and  Hiatimiarr.  It  dcHr'cnds  as  a  hr'it<U(^,  tlndrkdlowing  sulrstaricti, 
lik**  pilrli  or  re?dii.’*  llie  mothm  is  unecpral  in  th(‘.  dilFerent  ])arts,  the 
t-eiifri*  Hinl  .Mill fare  iimviiig  fanter  thars  the  si<les  and  bottom,  as  was  first 
a;a>eriaiiicil  flirtiiigli  iirciiraf«*  meaHuremetit  by  J.  I).  Forbes,  who  found 
flia?  in  flit*  ,\Ier  fir  f  Jlaco*  of  rhamouni  tin?  rtiean  daily  rate  of  motion  in 
tlie  :4iiiinii*r  ami  aiitnmn  was  from  2d  to  27  ineb(‘-s  in  the  centres,  and 
frifiii  12  If*  I  if  I  liciir  the  side.  Ibdlaiid  has  obs(U*ved  tliat  on  the?  west 
cfiast  i»f  C Jriniilmiid  the  g!itci«*r  of  dacobshavn,  whie.h  is  14, 000  feet  liroad 
aiid  iiiurr  tliiiii  1 000  fee*!  thick  in  tlu^  middh?,  has  a  remarkably  raf>id 
iiiotioti,  it*t  rati*  for  f%vcnty  four  hotirs  rujiging  from  48*2  feet  to  G4-‘8 
feet,  llif*  ice  of  file  fjord  of  1  or.sukatali,  ncuirly  fiv(}  mihis  wide,  moves 

'  < ‘l.’imiri’  Huik*  IA it»tt  i*j  Jfifiii  i.  p,  r>27, 

’’  Oil  airi  tlirir  W(»rk,  m‘v,  Ih*  SjutHsurc,  ‘  VnyapfrH  daiiM  Ic.s  Alps,’  4^  r455  : 

•  Ktii4r»4  'oif  (liiiriia'H/  IHiO  ;  Erii<lu,  “'Hirnric  <1(*H  (Ujuran-.H  dr  lu  Havoiti,”  i\/nn. 

traiiditfrd  iiit*?  Eiiglinli,  !H7f»  ;  .0  I>.  t’orln-s,  ‘I’rjivs'lH  in  ilui  Aljm,'  184S  ; 

'  4i}fi  its  f  IHJdt  ;  *Ori*aHi(Hiad  UiipiTH  (iii  (JlacicrK/  1859  ;  Tyndall,  ‘  (llacicrH 

•  4  flu*  Alp’S*  1h;»7‘,  \!<nrrHi»ti,  OUi'fKrlp-r  dta*  .fftztzciid  18.54;  A,  Ihdin,  ‘  Ilandlaic.h  d(*r 
111  rlaiij'ir/  Sliitfpart,  |8Hf»  ;  E.  UirhfiT,  M  UfdKrljcr  drr  OMtalprn,’  Hiuttgui’t,  1888. 
fjiji  hiIkjvih*  af  < ‘lanJui-HNioiHOi  for  Lcdidwii  af  <l«  g-ealoglHkn  og 

/iiM'i.ilj  Li'  ‘•,.’•'1  *’f  i  < iiMiilfiud/  < ’opi'idiayru  a  vcihuninotiH  r«‘}»nrt  by  a  DauiHli  corn- 

tin’’  c*f4  appriifjtrd  fn  ifor  4ir.itr  flii*  <’f*iiiitry.  'Flie  tii’Ml  volume  appfjarad  in  1879,  and  iln* 
bcsc  till!  Iia.  S3I^  r  bfrii  iHuip-d  givrn  ii  dfdfub'd  arcnitiii  of  the  pliynical  geography,  kc. 

*U.M,  ;  lv'*|tr4jhoii  tur  Krdkuinb* '/.n  Bia’Iin,  1891-98,’  E.  von  Orygalski, 

C  r4  .  j  .vdj  pp.  LAd  4|}4  r»7b  eZ  plidr^n  10  nmpN,  &<•.,  Ucrlin,  1897  ;  Ohanibcrliii, 
•lijv  nl  I  ir  pfd.Jiiti/  ii.  pp.  019,  708 ;  iii.  pp.  01,  198,  4B9,  505,  658,835  ; 

■  ,  pp,  dip/  .  p.  */':!*  ;  IE  0,  Hitlinbiiin,  .Arovi,.  Ot’tt/,  iii.  p.  8/5  ;  iv.  pp.  469-810  ;  II. 
IL  E*  JO,  i\,  i  iMicif,  pp.  19-Ki  ;  Iflih  Ann.  Rc/k  (\  X  (L  K  (1896),  pp.  421- 

l.r/  :  icr/’-i  V  'Hid  O  fill  ’8|»il/.lrtig<*ii.  0.  .A  O’.  S,  liv.  (1H98),  p.  197;  Iv.  (1899),  p.  681  : 

i»,  I.  mti'Lp  *1ir’  !'»'  A/*‘  ift  Xortli  Aiin*ri‘'fi/  1HH9;  I.  ('.  itmwdl,  ‘The  (SlacicrH  of 

Af.!'‘ir  3.'  pp.  o  ‘die,  IlM’doii,  1^97;  ‘Use  Orwiilaml  if'cOirldH  and  Ijifc  in  the  North 
id  Wfi/bt  ami  W.  rplisyii.  New  A*ork,  1896  ;  Met*-work,  PuhI  and  Present,’ 
I;  PimP  oi  iPiimr).  Mr.  ia»}i|»la>.  Frr4ilii4d  and  Prof.  ( larworxl  on  tin*  glneiers  of 

fP.-  April  and  duly  1902. 

pj.,;*  -.*«  S“4i  r  .  “  Aii  FAprOfiieiit  to  illudrat**  tin*  Mode  of  Flow  of  a  Fluid,” 

o.  J,  o.  X  h.  p.  261  ;  iv  fL  i‘nM\  Jtuirn,  (*nil,  iii.  p.  918;  It.  M.  Oeeley,  (ienL 

1*95,  pp,  152, 
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tin*  t'njiHl,  ;irt*  rujsrralcMl.  A'\w  snow,  c, roeping  <lown  the  slopOH,  and 
mounting  uver  tin*  mimu’  liills,  passt's  iKunnith  by  presHure  into  compact 
i,v.  Frnm  tin*  main  valleys  gr(*at  glaciers,  like  vast  tongues  of  ice, 
several  tlionsaiai  tee!  thick,  atid  soi!n‘tinu‘.s  many  miles  in  In’cadth.,  push 
out  to  sea,  where  they  break  off  in  luigc  fragments  that  float  away  as 
irf‘ber*eHd  Moreiwer,  tin*  islands  and  peninsulas  which  front  the  edge  of 
the  tlri*eniiiml  plateau  have  their  ind(‘peudent  snowdields,  from  which 
!ar‘o*  glaciers  deneend  to  tin*  sea.  <)u  thes  American  mainland,  also, 
i‘xten.nive  .niiow  tield.H  and  glaeiers  existi  in  Alaska,  whicdi  Inive  been  hugely 
explored  hv  the  geohjgists  of  iln^  1  nittnl  States  since  tlnit  territory 
wuH  ceded  their  eouniry  by  Russia.  A  voluminous  literature  has 
already  been  devohni  to  the  description  of  the  physical  geography  of  the 
region,  '* 
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and  other  parts  of  the  north  of  Norway.  In  some  cases  a  cliff  of  firn  ” 
resting  on  blue  ice  appears  at  the  top  of  the  precipice — the  edge  of  the 
great  sneefond,”  or  snow-field, — while  several  hundred  feet  below,  in  the 
corrie  or  cwm  at  the  bottom,  lies  the  re-cemented  glacier,  white  at  its 
upper  edge,  but  acquiring  somewhat  of  the  characteristic  blue  gleam  of 
compact  ice  as  it  moves  towards  its  lower  margin.  A  beautiful  example 
of  this  kind  was  visited  by  me  at  the  head  of  the  Jokuls  Fjord  in  Arctic 
Norway  in  1865.  When  making  the  sketch  from  which  Fig.  150  is 
taken,  I  observed  that  the  ice  from  the  edge  of  the  snow-field  above  slipped 
off  in  occasional  avalanches,  which  sent  a  roar  as  of  thunder  down  the 
valley,  while  from  the  shattered  ice,  as  it  rushed  down  the  precipices, 
clouds  of  white  snow-dust  rose  into  the  air.  The  debris  thus  launched 
into  the  defile  beneath  accumulates  there  by  mutual  pressure  into  a 
tolerably  solid  mass,  which  moves  downward  as  a  glacier,  and  actually 
reaches  the  sea-level — the  only  example,  so  far  as  I  am  aware,  of  a 
glacier  on  the  continent  of  Europe  which  attains  so  low  an  altitude. 


Cr~^o — 


Fig.  151.— Section  nhowiiig  the  production  of  Icebergs  at  the  foot  of  tlie  Jbkuls  Fjord  Glacier. 


As  it  descends  it  is  crevassed ;  and  when  it  comes  to  the  edge  of  the 
fjord,  slices  from  time  to  time  slip  off  into  the  water,  where  they  form 
fleets  of  miniature  icebergs,  with  which  the  surface  of  the  fjord  (/  in  Fig. 
151)  is  covered.  Far  more  gigantic  exhilhtions  of  some  of  these  opera¬ 
tions  are  to  be  seen  in  North  Greenland,  where  the-  great  ice-cap  of  the 
interior  advances  to  the  edge  of  a  cliff  or  steep  declivity  and  breaks  off 
in  masses  that  accumulate  at  the  base. 

The  body  of  a  normal  glacier  is  traversed  throughout  its  length  by  a 
set  of  fissures  called  cremsscs^  which,  though  at  first  as  close-fitting  as 
cracks  in  a  sheet  of  glass,  widen  by  degrees  as  the  glacier  moves  on,  till 
they  form  wide  yawning  chasms,  reaching,  it  may  be,  to  the  bottom  of 
the  ice,  and  travelling  down  with  the  glacier,  but  apt  to  be  effaced  by 
the  pressing  of  their  walls  together  again  as  the  glacier  winds  down  its 
valley.  The  glacier  continues  to  descend  until  it  reaches  that  point 
where  its  rate  of  advance  is  just  equalled  by  its  liquefaction.  There  it 
I  ends,  its  place  down  the  rest  of  the  valley  being  taken  by  the  tumultuous 

!  river  of  muddy  water  which  escapes  from  under  the  melting  extremity  of 

the  ice.  A  prolonged  augmentation  of  the  snowfall  will  send  the  foot  of 
the  glacier  farther  down  the  valley ;  a  diminution  of  the  snowfall  or  a 
general  rise  of  temperature  will  cause  it  to  retreat  farther  up. 

Considerable  variations  in  the  thickness  and  length  of  glaciers  have  been  observed 
within  the  last  two  or  three  generations,  and  more  minute  investigation  has  traced 
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these  oscillations  back  for  some  three  hundred  yearsd  It  appears  tluit  the  variatiuus 
have  an  averaf(e  period  of  thirty-five  years,  and  that  these  coincide  with  variations  in 
the  climate,  such  as  increased  jn-ecipitation  or  increased  evaporation  and  melting.  Among 
the  Alpine  glaciers,  which  liave  been  longer  under  observation  than  those  ol  any  otlun* 
region,  the  glacier  of  La  Breiiva,  on  the  Italian  side  of  J\lont  Blanc,  shrank  to  such  an 
extent  in  the  twenty-four  years  succeeding  1818,  that  its  surface  at  one  place  was  louinl 
to  have,  subsided  no  less  than  300  feet.*-^  The  glaciers  of  Mont  Blanc  had  ceased  to 
advance  about  1854,  and  in  twelve  years,  from  1854  to  1865,  the  Glacier  des  Bossons 
had  receded  332  metres,  that  of  Bois  188  metres,  that  of  Argentiere  181  metres,  and 
that  of  Tour  520  metres.  The  retreat  continued  until  1875,  when  a  number  of  glaciers 
began  once  more  to  advance,  including  all  those  ofjtlie  Mont  Blanc  gi’oup,  about  half 
of  those  of  the  A^alais,  not  more  than  a  quarter  of  those  in  the  Bernese  Oberlaiid,  and 
only  a  few  in  the  eastern  Alps.  In  1899  their  i)artial  increase  had  died  out  in  the  Swiss 
Alps,  where  only  one  glacier  was  then  known  to  be  advancing,  nine  were  doubtful,  and 
fifty-five  were  certainly  or  probably  retreating.  In  the  Eastern  Alps,  on  the  other  hand, 
fifteen  glaciers  were  advancing,  thirteen  were  stationary,  and  more  than  twenty-two 
were  retreating.  Similar  oscillations  have  been  noted  in  tlie  other  glacier  districts  in 
both  the  old  and  new  worlds.  At  present  there  appears  to  be  a  general  diminution  of 
the  glaciers  over  the  globe,  though  here  and  there  an  opposite  movement  is  taking 
2)lace.^ 

Some  features  of  geological  importance  in  the  behaviour  of  a  glacier 
as  it  descends  its  valley  deserve  mention  here.  When  the  ice  has  to 
travel  over  a  very  uneven  floor,  some  portions  may  get  embayed,  while 
overlying  parts  slide  over  them.  A  massive  ice-sheet  may  thus  have 
many  local  eddies  in  its  lower  jDortions,  the  ice  there  even  travelling  for 
various  distances,  according  to  the  nature  of  the  ground,  obliquely  to  the 
general  flow  of  the  main  mass,  as  is  remarkably  displayed  in  the  Green¬ 
land  ice  where  it  flows  round  the  isolated  rocks  or  ‘‘ Nunatakker’’  which 
riseohtof  it.  Travelling  forward  on  successive  ‘‘thrust-planes”  (p.  690), 
it  acquires  a  stratified  or  parallel  structure,  which  in  some  places  presents 
a  close  resemblance  to  the  characteristic  lenticular  handed  and  plicated 
structure  of  many  ancient  gneisses.^  This  structure  is  well  brought  out 
by  layers  of  dark  detritus  which  are  especially  prominent  along  the  sides 
and  lower  ends  of  the  glaciers  of  Ilorth  Greenland  and  Spitzbergen. 
At  the  foot  of  one  of  these  glaciers  the  banding  curves  upward,  so  as  to 
dip  under  the  overlying  ice  and  rise  against  the  hill  of  detritus  in  front. 
Sometimes  the  layers  become  vertical  and  even  bent  double.  The  plas¬ 
ticity  of  the  ice  is  further  shown  by  the  way  in  which  the  layers  come 
up  from  the  floor  of  the  glacier  to  the  surface,  bringing  with  them  the 

^  Briickner,  ‘Klima-Schwaukungeii  sek  1700’;  Penck,  (/mg.  Abhmd.  1890,  iv.  ; 
Richter,  "‘Gdschiclite  der  Schwankuiigen  cler  Alpeiigletschcr,”  Ze.itsdi.  DeAitsch,  v,  (k\der. 
Alp.  Ver.  1891  ;  H.  F.  Beid,  Geol.  iii.  p.  278. 

-  J.  D.  Forbes,  ‘Travels  in.  the  Al]*)s, ’  p.  205. 

The  variations  in  the  glaciers  of  the  world  are  now  the  subject  of  investigation  and 
record  by  a  Committee  appointed  by  tbe  International  Geological  Congress  at  Zurich  in  1894. 
The  annual  reports  of  this  Committee  since  that  time  will  be  found  in  the  Arc.hvm  i^ci.  Phyn. 
TVht,  Geneva,  and  in  the  Journal  of  (w oology which  the  facts  above  stated  are  taken, 
and  to  wliich  the  student  is  referred  for' further  details. 

^  See  by  way  of  example  the  plates  in  the  memoir  on  the  glaeiers  and  inland  ice  of 
Greenland  by  E.  von  Drygalski,  Zeilsch^  i/osoll.  J\  E'nlkwihdo,  Berlin  (1892)  ;  and  the  series  of 
illustrations  to  tbe  papers  of  Chamberlin  and  Salisbury  in  the  Joirrn.  Qeol.  cited  aiiU,  p.  535. 
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detritus  that  has  been  imbedded  in  them,  and  by  the  curvature  which 
they  frequently  display  round  enclosed  lenses  of  debris.  This  structure 
is  further  described  on  pp.  544-548. 

In  descending  by  a  steep  slope  to  a  more  level  part  of  its  course,  a 
glacier  becomes  a  mass  of  fissured  ice  in  great  confusion.  It  descends  by 
a  slowly  creeping  ice-fall,  where  a  river  would  shoot  over  in  a  rushing 
waterfall.  A  little  below  the  fall  the  fractured  ice,  with  all  its  chaos  of 
pinnacles,  bastions  and  chasms,  is  pressed  together  again,  and  by  regela¬ 
tion  becomes  once  more  a  solid  mass  (Fig.  152). 


SnovnficU 


Great  destruction  is  sometimes  caused  by  the  breaking  off  of  the  end 
of  glaciers  which  terminate  on  steep  ground.  The  sudden  dislocation  of 
the  ice  and  its  reduction  to  fragments,  and  even  to  powder,  causes  a 
considerable  proportion  of  it  to  melt.  A  mingled  mass  of  ice  and  water 
is  thus  discharged,  which,  meeting  with  loose  moraine  stuff,  may  speedily 
become  a  moving  debacle  of  mud.  Such,  according  to  M.  Forel,  was  the 
origin  of  the  destructive  avalanche  which  on  12th  July  1892  swept 
away  some  thirty  houses  and  killed  about  150  people,  in  the  valley  of 
Montjoie,  which  joins  that  of  the  Arve,  not  far  below  Chaniouni.’- 

Another  incidental  effect  of  the  movement  of  glaciers  is  to  be  seen 
when  the  ice,  barring  the  mouth  of  a  tributary  valley,  dams  back  the 
streams  flowing  therein,  and  causes  a  lake  to  form.  This  result  may  be 
observed  at  the  Marjelen  See,  on  the  great  Aletsch  Glacier,  and  else¬ 
where  on  the  Alpine  chain.  If  this  arrest  of  the  water  is  temporary, 
great  damage  may  be  done  by  the  bursting  of  the  ice-dam  and  the  con¬ 
sequent  sudden  rush  of  the  liberated  water. ^  If,  on  the  other  hand, 
the  glacier  is  massive  enough  to  form  a  permanent  barrier,  the  water 
may  rise  behind  it  so  as  to  fill  the  tributary  valley,  and  even  escape  by 
a  pass  at  its  head.  Successive  diminutions  of  the  mass  of  ice  will  lead 
to  corresponding  lowerings  of  the  level  of  the  lake,  each  prolonged  rest 
of  the  water  at  one  level  being  marked  by  a  shelf  or  terrace  formed  as  a 

^  Oomjjtes  rend.  cxv.  (1892),  p.  193.  Other  writers  assign  the  bursting  of  a  glacier-lake 
as  the  cause.  Another  meinorahle  example  of  a  similar  catastrophe  occurred  above  th© 
Gernmi  Pa.ss  three  years  later.  ‘  Gletscherlawine  an  der  Altels  am  11  Sept.  1895,’ by  A. 
Heim  and  others  ;  Preller,  Geol.  Mag.  1896,  p.  103, 

The  instance  of  the  bur.sting  of  the  ice-dam  in  the  Dransc  valley  has  already  he^ 
referred  to  [ante,  p.  493). 
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beach-line  along  the  shore.  The  famous  “  parallel  roads  ”  of  Glen  Roy 
are  a  striking  illustration  of  this  kind  of  geological  history.  (Book  YI. 
Part  V.  Sect.  i.  §  1.) 

Work  done  by  Ice-sheets  and  Glaciers. — Sheets  of  land-ice, 
whether  in  the  form  of  wide  ice-caps  or  of  more  restricted  glaciers,  have 
three  important  geological  tasks  to  perform — (1)  to  carry  down  the  debris 
cast  on  their  surface  or  enclosed  in  their  mass ;  (2)  to  erode  their  beds ; 
and  (3)  to  distribute  detritus  over  the  lower  grounds  which  they  reach. 

(1)  Transport. — In  ordinary  glaciers  such  as  those  of,  Norway  and 
the  Alps,  the  transport  of  detritus  takes  place  chiefly  on  the  surface 
of  the  ice.  Descending  its  valley,  the  glacier  receives  and  bears  along 
on  its  margin  the  dust,  earth,  stones  and  rubbish  which,  blown  by 
wind,  loosened  by  frost,  or  washed  down  by  rain  and  rills,  come  from 
the  cliffs  and  slopes.  In  this  part  of  its  work  the  glacier  resembles  a 
river  which  carries  down  branches  and  leaves  from  the  woods  on  its 
banks.  The  detritus  which  rests  on  the  surface  of  the  ice  sometimes  so 
completely  conceals  it  that  the  glacier  looks  like  a  plain  of  l)are  earth 
and  stones.  On  this  surface  huge  masses  of  rock — sometimes  as  big  as  a 
large  cottage, — though  seemingly  at  rest,  are  slowly  travelling  down  the 
valley  with  the  ice,  liable  at  any  moment  to  slip  into  the  crevasses 
which  may  open  below  them.  When  they  thus  disappear,  they  may 
descend  to  the  bottom  of  the  ice,  and  move  with  it  along  the  rocky 
floor,  which  is  no  doubt  the  fate  of  a  large  proportion  of  the  smaller 
stones  and  sand.  But  the  large  stones  seem,  sometimes  at  least,  to  be 
cast  up  again  by  the  ice  to  the  surface  of  the  glacier  at  a  lower  part 
of  its  course. 

Recent  detailed  study  of  the  ice-cap  and  glaciers  of  North  Green¬ 
land  has  revealed  features  in  the  transport  of  detritus  by  land-icc 
which  had  never  before  been  seen  so  clearly  or  on  so  great  a  scale,  and 
which  possess  much  interest  in  their  bearing  upon  the  history  of  the 
Pleistocene  glacial  deposits  of  the  northern  hemisphere.  The  vast 
plateau  of  inland  ice  in  Greenland  consists,  so  far  as  we  know,  of  one 
unbroken  snow-field,  above  which  no  hills  or  mountains  rise,  except  near 
its  seaward  margin.  From  the  absence  of  bare  rock,  no  stones  or  earth 
fall  on  the  surface  of  this  snowy  expanse.  The  ice  therefore  carries  no 
moraines  until  it  reaches  the  projecting  nunataks  near  the  coast,  and 
even  there  they  are  not  specially  numerous  or  of  particularly  large 
dimensions.  Hence  one  great  source  of  the  material  carried  down  by 
the  Alpine  glaciers  is  absent  in  the  far  north.  From  the  shore  crags  and 
from  the  nunataks  dust  is  blown  inland  which,  when  abundant,  dirties 
the  surface  of  the  snow-field,  but  it  does  not  appear  to  travel  more  than 
a  very  few  miles  from  its  source  of  origin.  In  all  the  Greenland  glaciers 
examined  by  Professor  Chamberlin  and  his  party  during  the  expedition 
of  1894,  while  the  upper  part  of  the  ice  was  on  the  whole  free  from 
debris,  the  lower  portion  was  invariably  charged  with  rock-rubbish  of 
various  kinds  for  100  or  150  feet  above  the  bottom.  This  material  was 
disposed  in  layers  wherein  the  clay,  earth  and  stones  were  dispersed 
without  any  regard  to  size,  coarse  and  fine  detritus  occurring  indis- 
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criniinately  in  the  same  band.  Large  boulders  were  sometimes  found  in 
abundance  in  the  lowest  bands.  So  thickly  piled  together  were  these 
materials  in  the  bottom  of  the  ice  that  a  layer  12  or  15  feet  thick 
seemed  to  be  almost  w-holly  composed  of  black  debris.  By  the  melting 
of  the  ice  a  pile  of  rul^bish  accumulated  below  and  in  front  of  the 
terminal  face  of  the  glacier. 

But  though  at  first  the  upper  and  main  mass  of  the  ice,  so  far  as  it 
could  be  seen,  appeared  to  be  destitute  of  detritus,  it  was  found 
towards  the  lower  ends  of  a  number  of  glaciers,  and  also  at  the  edge  of 
the  great  ice  field,  to  be  loaded  with  earth  and  stones,  which  had  come 
up  from  l)elow.  Good  sections  were  observed  where  the  actual  upward 


Fig.  153. — View  of  Glacier  in  rushCbsioii  Bay,  South  Georgia. 

curving  of  the  layers  could  be  traced  from  the  door  to  the  surface  of  the 
ice.  The  successive  lines  of  rubbish,  marking  the  outcrops  of  highly 
inclined  or  vertical  bands  thus  brought  up,  followed  eacli  other  in 
concentric  lines  across  the  breadth  of  the  glacier  for  many  hundreds  of 
feet  in  horizontal  distance.  At  one  point,  within  half  a  mile  from,  the 
edge  of  the  main  ice-cap,  as  many  as  eight  of  these  ridges  of  drift  could 
1)0  seen  on  the  ice,  separated  by  intervals  of  twenty  or  thirty  rods,  some¬ 
times  closely  approaching  each  other.  Moreover,  similar  lines  or  ridges 
of  debris  formed  by  the  uprise  of  bands  in  the  ice  parallel  to  the  sides 
of  the  valley  were  observed,  closely  simulating  lateral  moraines,  yet 
entirely  derived  from  the  bottom.  It  is  thus  evident  that  though  little 
detritus  falls  on  the  surface  of  the  Greenland  ice,  a  very  large  amount 
of  it  is  carried  down  in  the  lower  parts. ^  Similar  observations  have 
been  made  in  Spitzbergen  by  Professors  Garwood  and  Gregory,  who 
found  the  lower  parts  of  the  glaciers  there  to  be  so  laden  with  rock- 
rubl>ish  that  they  sometimes  could  not  draw  any  sharp  line  between  the 

^  Chamberlin,  Joiirn.  Gol.  as  ([noted  on  p.  535,  and  Salisbury,  Journ.  (real.  iv.  p,  798- 
VOL.  I  2  N 


546 


DYNAMIGAL  GEOLOGY 


BOOK  III  PART  II 


glacier  and  the  floor  of  detritus  below  itd  The  introduction  of  so  much 
mineral  matter  retards  the  flow  of  the  ice,  so  that  the  rate  of  movement  of 
the  lower  layers  is  still  further  lessened,  and  the  upper  parts  move  over 
them. 

It  thus  appears  that  whether  on  the  ice,  in  the  ice,  or  under  the  ice, 
a  vast  quantity  of  detritus  is  continually  travelling  with  a  glacier  down 
towards  lower  ground.  The  rubbish  lying  on  the  surface  is  called 
momim  stuff.  Naturally  it  accumulates  on  either  side  of  a  valley-glacier, 
where  it  forms  the  so-called  lateral  moraines.  When  two  glaciers  unite, 
their  two  adjacent  lateral  moraines  are  brought  together,  and  travel 
thereafter  down  the  centre  of  the  glacier  as  a  medial  moraine.  In  Fig. 
154  the  left  lateral  moraine  (3)  of  (Glacier  B  unites  with  the  right  lateral 


moraine  (2)  of  A  to  fotm  the  medial  moraine  while  the  other  moraines 
(1,  4)  continue  their  course  and  become  respectively  the  right  and  left 
lateral  moraines  (c,  a)  of  the  united  glacier.  A  glacier  formed  by  the 
union  of  many  tributaries  in  its  upper  parts,  may  have  numerous  medial 
lines  of  moraine,  so  many  indeed  as  sometimes  to  be  covered  with  ddbris, 
to  the  complete  concealment  of  the  ice.  At  such  parts  the  glacier 
appears  to  be  a  bare  field  or  earthy  plain,  rather  than  a  solid  mass  of 
clear  ice  of  which  only  the  surface  is  dirty  with  rubbish.  At  the  end  of 
the  glacier,  the  pile  of  loose  materials  is  tumbled  upon  the  valley  in  what 
is  called  the  terminal  moraine. 

Beneath  the  ice  of  the  Swiss  glaciers  lies  a  thin  inconstant  layer  of 
fine  wet  mud,  sand  and  stones,  derived  partly  from  the  descent  of 
materials  from  the  surface  down  the  crevasses,  partly  from  the  rochs  of 
the  sides  and  bottom  of  the  glacier-bed.  These  materials  may  be  seen 
fixed  sometimes  in  the  ice  itself.  Though  it  may  locally  accumulate, 
this  layer  is  apt  to  be  removed  by  the  ice  or  by  the  water  that  flows 
under  the  glacier.  It  is  known  to  Swiss  geologists  as  the  rmraine 
profoncle  or  Grundmortine  ( =  boulder  clay,  till  or  bottom-moraine).  The 
sheet  of  ice  that  once  filled  the  broad  central  plain  of  Switzerland, 
between  the  Alps  and  the  Jura,  certainly  pushed  a  vast  deal  of  mud, 

1  Q.  J.  G.  S.  liv.  (1898),  p.  197. 
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sand  and  stones  over  the  floor  of  the  valley,  and  this  material  has  been 
left  as  a  covering,  like  the  till  of  Northern  Europe.^ 

It  is  among  the  Arctic  ice-fields,  however,  that  the  moraine  profonde 
is  best  developed.  As  above  shown,  the  lower  portions  of  the  glaciers 
and  even  the  marginal  parts  of  the  great  ice-cap  are  abundantly  charged 
with  detritus.  Owing  to  the  remarkable  way  in  which  the  bottom  of 
the  ice  is  jDushed  upward,  the  rock  fragments  with  which  it  is  laden  are 
brought  up  to  the  surface,  so  as  to  form  ridges  there  like  ordinary 
superficial  moraines.  In  Spitzbergen  a  marked  difference  was  observed 
between  the  character  of  the  detritus  forming  the  two  classes  of  moraines. 
In  those  of  the  common  or  Swiss  type  the  materials  carried  along  on  the 
surface  of  the  glaciers  are  rough,  angular  and  ill  assorted,  with  only  rarely  a 
block  amongst  them  that  showed  the  striation  so  characteristic  of  ice- 
erosion.  In  those,  on  the  other  hand,  formed  out  of  detritus  carried 
along  in  and  under  the  ice,  the  materials  are  subangular  and  rounded, 
with  abundant  scratched  and  polished  pebbles  and  boulders  stuck  in 
a  fine  tough  clay.  This  matrix  is  sometimes  laminated,  and  the  whole 
moraine  may  be  well  stratified,  or  in  other  cases  entirely  without  any 
definite  arrangement.  There  is  obviously  the  closest  resemblance 
between  such  deposits  and  the  boulder-clay  or  till  of  Northern  Em'ope 
and  America.- 

While  the  fact  of  the  abundant  distribution  of  detritus  in  the  body 
of  the  Arctic  ice-cap  and  glaciers  is  now  well  established,  and  of  the  most 
obvious  interest  and  importance  for  the  interpretation  of  Pleistocene 
glaciation,  it  presents  some  curious  problems  in  the  mechanics  of  glacier 
motion  which  require  fuller  consideration.  That  the  detritus  has  not 
fallen  from  above  but  has  been  brought  up  from  underneath  admits  of 
no  doubt.  Pound  the  nunataks  the  ice  stands  back  from  the  rock, 
leaving  a  trench  or  ravine  into  which  the  fragments  from  these  projections 
will  fall,  so  that  little  or  none  of  the  waste  of  these  peaks  can  be  carried 
on  the  surface  of  the  ice  ;  the  whole  or  nearly  the  whole  of  it  must  find 
its  way  into  the  body  or  down  to  the  bottom  of  the  ice.  Yet  by  some 
remarkable  internal  movement  in  the  ice  the  detritus  is  arranged  in 
parallel  bands,  as  if  it  had  been  intermittently  deposited  in  that  form, 
and  these  bands  are  pushed  upward  until  their  outcrops  reach  the  surface 
of  the  ice,  across  which  they  extend  as  long  lines  or  ramparts  of  rubbish. 

Professor  Chamberlin  recognised  the  formation  of  thrust- planes  in 
some  of  the  G-reenland  glaciers,  and  the  riding  forward  of  upper  cleaner 
portions  of  the  ice  upon  lower  parts  nearly  laden  with  d6bris.  More 
recently  Professors  Garwood  and  Gregory  have  observed  similar  facts  in 
Spitzbergen.  They  explain  the  introduction  of  the  detritus  into  the  ice 
in  the  following  manner.  In  a  glacier  which  ends  in  a  cliff-like  face  the 
lower  portions,  retarded  by  friction  on  the  floor  and  by  the  amount  of 

^  Ill  18fi9  I  examined  a  charaeteristie  aection  of  an  ancient  moraine  profonde  near 
Solobliurn,  full  of  Hcratclied  stones,  and  lying  on  the  striated  pavement  of  rock  to  he 
iimiiediately  described  as  further  characteristic  of  ice -action.  It  closely  resembled  the 
boulder-clay  of  Northern  Europe. 

-  Garwood  and  (Gregory,  op.  cit.  p.  208. 
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detritus  frozen  into  them,  are  outrun  by  the  upper  layers,  which 
consequently  project  as  a  cornice.  From  time  to  time  masses  of  this 
cornice  fall  off  and  accumulate  in  a  pile  below.  If  the  glacier  cannot 
push  this  pile  forward  it  is  forced  to  override  it,  and  thus  what  was  the 
upper  part  of  the  glacier  becomes  the  base.  “As  the  process  is 
continuous,  the  glacier  ad^'ances  by  an  overrolling  motion,  the  top  layer, 
falling  to  the  bottom  and  then  working  upward  over  other  fallen  masses. 
These  authors  recognise  three  mechanical  processes  in  the  movement  of 
the  ice :  (1)  a  simple  flow  like  that  of  the  >Swiss  glaciers,  taking  place 
mainly  in  the  upper  parts  of  the  ice,  which  are  free  from  detritus  ;  (2) 
a  continual  series  of  deformations,  the  ice  being  crushed  and  fractured 
and  thrust  forward  on  shearing-  or  thrust-planes  by  the  onward  pressure 
of  the  mass  of  the  glacier  behind ;  (3)  an  overrolling  movement  where 
the  upper  layers,  moving  more  rapidly  than  the  lower,  l)reak  off*  and 
accumulate  as  banks  of  ice-blocks,  which  in  the  end  are  re-cemented  and 
driven  onward  as  once  more  parts  of  the  general  body  of  the  glacier.* 

The  explanation  here  summarised  would  account  for  the  incorporation 
of  bands  of  detritus  at  the  lower  end  of  an  ice-cap  or  glacier,  where  alone 
the  overrolling  action  is  possible.  It  is  not  easy  to  see  how  it  can  be 
applied  to  the  occurrence  of  the  moraine-like  ridges  on  the  ice  half  a  mile 
or  more  from  the  end,  unless  we  could  suppose  that  these  inland  ridges 
belong  to  an  extremely  remote  time,  when  they  were  at  the  edge  of  tlie 
glacier,  which  has  since  then  advanced  by  a  succession  of  thrust -planes  find 
overrollings  to  its  present  limit.  More  proba])ly  the  phenomenon  depends 
on  some  little  understood  peculiarities  in  the  behaviour  of  Arctic  ice  and 
on  the  influence  of  an  irregular  topography  upon  its  fiow.*^ 

(2)  Erosion. — The  manner  and  results  of  erosion  in  the  channel  of 
a  glacier  differ  from  those  associated  with  other  geological  agents,  and 
form  therefore  distinguishing  features  of  ice- action.  This  erosion  i» 

efl*ected  partly  by  the  pressure  of  the  ice  upon  the  rocks,  partly  by  means 
of  the  fine  sand,  stones,  and  blocks  of  rock  that  fall  between  the  ice  and 
the  rocks  on  which  it  moves.  Ice  pressed  against  masses  of  rock  which 
have  had  their  joints  partly  opened  by  frost  may  dislodge  and  remove 
them.  Or  the  ice  squeezed  into  clefts  may  disrupt  the  rocks  along  its 
side  or  its  bed.  An  action  of  this  kind,  which  has  been  called  “  plucking, 
seems  to  take  place  on  the  lee  side  of  rocky  prominences  under  a  glacier.*^ 
Much  more  important,  however,  is  the  erosion  effected  by  the  sand  and 
fragments  of  stone  that  the  ice  presses  against  the  rocky  surfaces  ov'er 
which  it  moves.  This  detritus  is,  for  the  most  part,  fresh  and  angular. 

^  Q.  J.  a.  S.  liv.  (1898),  pp.  203,  220. 

“‘Mr.  R.  D.  Salisbury  [op.  ai/pra  cit.)  gives  two  sections  explanatory  of  liis  conception  of 
the  structure  of  the  Greenland  glaciers.  In  the  case  of  a  small  glacier  he  supposes  that 
the  layers  of  ice  arrange  themselves  in  a  basin-shape  with  steep  sides,  up  which  the  debris- 
bearing  parts  come  to  the  surface,  while  in  a  large  glacier  he  makes  two  basins  with  the  rock- 
ladeii  layers  ridged  up  in  an  anticline  along  the  centre. 

G.  Steinmann,  NeuesJahrb.  i.  (1899),  p.  216  ;  Baltzer,  Archiv.  ScL  PIn/s.  XuL  1892  ; 
Zeitsch.  praht.  Geol.  i.  (1893),  p.  14;  iJenksch.  Schweiz.  jS'aturf.  (res.  xxxiii.  (1898);  G,  R. 
Culver,  Journ.  Ueol.  hi.  p.  982  ;  0.  Guimelius,  (kd.  Fureu.  Stockholm,  xi.  p.  249. 
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Its  trituration  by  the  glacier  reduces  the  size  of  the  particles,  but  retains 
their  angular  character,  so  that,  as  Daubree  has  pointed  out,  the  sand 
that  escapes  from  the  end  of  a  glacier 
appears  in  sharp  freshly  -  broken  grains, 
and  not  as  rounded  water-worn  particles.^ 

The  earth  and  stones  strewn  over  the 
surface  of  a  glacier  are  frequently  pre¬ 
cipitated  into  the  crevasses,  and  may  thus 
reach  the  rocky  floor  over  which  the  ice  is 


Fig.  lo5.- 


nioving. 


They  likewise  fall  into  the  narrow 


space  which  sometimes  intervenes  between 
the  margin  of  a  glacier  and  the  side  of  the 
valley  {a  in  Fig.  155).  Held  by  the  ice  as 
it  creeps  along,  they  are  pressed  against  the 
rocky  sides  and  bottom  of  the  valley  so  firmly 
and  persistently  as  to  descend  into  each  little  hollow  and  mount  over  each 
ridge,  yet  all  the  while  moving  along  steadily  in  one  dominant  direction 


Sf*(‘tiou  of  a  Glacier  in  its 
rocky  ckaniiel, 

With  a  medial  moraine  at  d,  a  lateral 
.moraine  partly  on  the  ice  and  partly 
stranded  on  a  sloping  declivity  (h),  a 
mass  of  rocks  fallen  between  the  ice 
and  the  precipitous  rocks  at  a,  and  a 
group  of  perched  blocks  at  c  (J.  D. 
Forbes). 


Fis.  lit’).— Vi<!W  of  part  of  tlie  side  of  the  M<t  de  (Jlace  (J .  D.  Fm-hcs). 

with  the  geiioi-itl  movement  of  the  glacier.  Here  and  there  the  ice,  with 
grains  of  sand  and  piece.?  of  stone  imbedded  in  its  surface,  can  be  cangbt 
in  the  very  act  of  polishing  and  scoring  the  rocks.  In  Fig.  lo6  a  view 
-  ‘  (4eologie  expi'rim.’  p.  254. 
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is  given  of  the  ''angle’’  on  the  Mer  de  Glace,  Chamouni,  where  blocks  of 
granite  are  jammed  between  the  mural  edge  of  the  ice  and  the  precipice 
of  rock  along  which  it  moves,  and  which  is  scored  and  polished  in  the 
direction  of  motion  of  the  blocks.  Tyndall  long  ago  stated  that  a  glacier 
300  metres  thick,  allowing  12*20  metres  of  ice  to  an  atmosphere, 
presses  with  a  weight  of  486,000  lbs.  on  every  scpiare  yard  of  its  bed,^ 
and  with  a  vertical  pressure  of  this  amount  it  moves  down  its  ^'alley.  It 
is  possible  that  the  erosive  power  of  the  ice  is  assisted  l^y  the  alternate 
freezing  and  thawing  of  the  water  that  flows  under  the  glacier.  Minute 
joints  and  crevices  may  thus  be  widened  and.  the  particles  of  the  rock 
may  be  separated,  as  those  of  soil  and  rock  are  at  the  surface  ])y  frost.‘^ 


Fig.  157.— Ice-worn  surface  of  rock,  showing  Polish,  Stviie,  Groovings  and  Bnutics.  Sutherland. 


Under  the  slow,  continuous,  and  enormously  erosive  power  of  fa 
glacier,  the  most  compact  resisting  rocks  are  ground  down,  smoothed, 
polished  and  striated  (Fig.  157).  The  strise  vary  from  such  fine  lines  as 
may  be  made  by  the  smallest  grains  of  cpiartz  up  to  de(ip  ruts  and 
grooves.  They  sometimes  cross  each  other,  one  set  partially  effacing  an 
older  one,  and  thus  pointing  to  shif tings  in  the  movement  of  the  ice. 
On  the  retirement  of  the  glacier,  hummocky  bosses  of  rock,  having 
smooth  undulating  forms  like  dolphins’  backs,  are  conspicuous.  These 
have  received  the  name  of  roche^^  moutomiies.  The  stones  by  which  this 
scratching  and  polishing  are  effected  suffer  in  exactly  the  same  way. 
They  are  ground  down  and  striated,  and  since  they  must  mo^'e  in  the 
line  of  least  resistance,  or  "  end  on,”  their  striae  run  in  a  general  sense 
^  Phil.  Mag.  xxviii.  (1864). 

-  A.  Hellaiid,  Geol.  Form.  Stockholm,  ii  (1874),  pp.  286,  342. 
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lengthwise  (Fig.  159)'  It  will  be  seen,  when  we  come  to  notice  the 
traces  of  former  glaciers,  how  important  is  the  evidence  given  by  these 
striated  stones. 

Besides  its  proper  and  characteristic  rock-erosion,  a  glacier  is  aided 
in  a  singular  way  by  the  co-operation  of  running  water.  Among  the 
Alps,  during  day  in  summer,  ranch  ice  is  melted, 

and  the  water  courses  over  the  glaciers  in  xl 

brooks  which,  as  they  reach  the  crevasses,  /fif 

tumble  down  in  rushing  waterfalls,  and  are 

lost  in  the  depths  of  the  ice.  Directed,  /W 

however,  by  the  form  of  the  ice-passage  against  ^ / 

the  rocky  floor  of  the  valley,  the  water  descends  5'/^"  """  "M' 

at  a  particular  spot,  carrying  with  it  the  sand, 

mud  and  stones  which  it  may  have  swept 

away  from  the  surface  of  the  glacier.  By 

means  of  these  materials  it  erodes  deep  pot-  A 

holes  (moulins)  in  the  solid  rock,  in  which  the 

rounded  detritus  is  left  as  the  crevasse  closes 

up  or  moves  down  the  valley.  On  the  ice- 

worn  surface  of  Norway,  singular  cavities  of 

this  kind,  known  as  “giants’  kettles”  or  f;'; 

“caldrons”  (Riesentopfe,  liiesenkessel.  Fig. 

158),  exist  in  great  numbers.^  There  can  be 
little  doubt  that  they  have  had  an  origin  under 

the  massive  ice-cover  which  once  spread  over  Kettle,”  „em- cimstiania. 
that  peninsula.  Similar  cavities  filled  with 

transported  boulders  occur  in  the  molasse  sandstone  near  Berne,-  and  a 
large  group  of  them  is  now  one  of  the  sights  of  Lucerne.  They  have 


Fig.  15S. — Section  of  “Giuut’s 
Kettle,”  near  Cliristiaiiia. 


been  recognised  in  North  G-ermany  ^  and  generally  over  the  glaciated 
areas  of  Europe.  As  some  parts  of  the  Greenland  ice-sheet  are  traversed 
in  summer  by  powerful  rivers  which  are  swallowed  up  in  the  crevasses, 
excavations  of  the  same  nature  are  no  doubt  also  in  progress  there. 

Since  rocks  present  great  diversities  of  structure  and  hardness,  and 

^  B.  A.  Sexe,  XJniversit.  Frorjram.  Christiania,  1874  ;  Brtigger  andlllenHcli,  Q^^J.  O.  H. 
XXX.  p.  750;  W.  Upliani,  Bull,  Geol.  iSoc.  Aaier.  xii.  (1900),  p.  25. 

2  Baclimanii,  Neues  Jahrb.  1875,  p.  53. 

Jahrb.  Prems.  Geol.  Landesanst.  1880,  p.  275. 
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consequently  vary  much  in  the  resistance  they  offer  to  denudation,  they 
are  necessarily  worn  down  unequally.  The  softer,  more  easily  eroded 
portions  are  scooped  out  by  the  grinding  action  of  the  ice,  and  basin- 
shaped  or  various  irregular  cavities  are  dug  out:  below  the  level  of  the 
general  surface.^  Similar  effects  may  be  produced  by  a  local  augmen¬ 
tation  of  the  excavating  power  of  a  glacier,  as  where  the  ice  is  strangled 
in  some  narrow  part  of  a  valley,  or  where,  from  change  in  declivity,  it  is 
allowed  to  accumulate  in  greater  mass  as  it  moves  more  slowly  onward. 
Such  hollows,  on  the  retirement  of  the  ice,  become  receptacles  for  water, 
and  form  pools,  tarns  or  lakes,  unless,  indeed,  they  chance  to  have  been 
already  filled  up  with  glacial  rubbish. 

Among  the  proofs  of  great  erosion  by  ice  on  hard  rocky  surfaces  the 
existence  of  basins  scooped  out  of  the  solid  rock  are  perhaps  the  most 
striking.  The  striae  and  scorings  may  in  such  cases  be  traced  down  lielow 
the  water  at  the  end  of  a  tarn  or  lake,  and  may  be  found  emerging  at 
the  other  end  with  the  same  steady  direction  as  on  the  surrounding 
ground  or  enclosing  valley.  In  the  year  1862  the  late  Sir  A.  C.  Ramsay 
drew  attention  to  this  peculier  power  of  land-ice,  and  affirmed  that  the 
abundance  of  excavated  rock-basins  in  Northern  Europe  and  America  was 
due  to  the  fact  that  these  regions  had  been  extensively  eroded  by  sheets 
of  land-ice,  when  the  more  northern  parts  of  the  two  continents  were 
in  a  condition  like  that  of  North  Greenland  at  the  present  day.  This 
explanation  has  given  rise  to  prolonged  controversy,  many  geologists  up¬ 
holding  the  doctrine  of  ice-erosion  and  others  as  strenuously  denying  it. 
Ramsay  may  have  applied  it  too  widely,  but  he  has  the  great  merit  of 
having  called  attention  to  a  vem  causa  in  geology  and  of  throwing  a  new 
light  on  the  glaciated  topography  of  the  northern  hemisphere.  The  origin 
of  lakes  will  be  further  considered  in  Book  VII. 

While  the  proofs  of  great  erosion  by  land -ice  are  indisputable, 
many  instances  have  now  been  collected  where  glaciers  have  over¬ 
ridden  moraines,  gravel-beds  or  other  soft  material,  and  have  moved 
across  them  for  perhaps  long  periods  without  removing  them.  In 
Greenland,  as  above  stated,  it  has  been  observed  that  the  layers  of  dfibris- 
laden  ice  at  the  bottom  of  a  glacier  bend  upward  against  the  ])ank  of 
rubbish  thrown  down  in  front,  which  in  many  cases  does  not  seem  to 
have  been  pushed  forward  or  disturbed  for  some  considerable  time.‘*^  It 
is  obvious  that  in  such  places  the  ice  has  at  present  no  marked,  or  at 
least  rapid,  erosive  power. 

Undoubtedly  the  most  obvious  proof  of  the  erosion  effected  by  glaciers 
is  to  be  found  in  the  vast  amount  of  mud  which  discolours  the  water  that 
escapes  from  their  lower  ends.  This  sediment,  unlike  that  of  ordinary 

^  See  the  remarks  already  made  (p.  458)  on  tlie  possibility  of  the  rottiiiji:  out  of  basin* 
sliaped  receptacles  in  solid  rock  througli  the  operations  of  superficial  weatliering--a  i)roe(iss 
which  may  account  for  many  rock-basins  tliat  have  subsequently  bad  tlieir  decf)nipf)scd  rock 
swept  out  of  them  by  ice. 

-  Tor  a  striking  examjde  of  tlie  way  in  which  a  glacier  may  sj»read  over  de])Osits  of 
gravel,  see  the  plate  accompanying  Mr.  H.  P.  Cushing’s  ])aper  on  the  Muir  Glacier  of  Alaska, 
American  Geolor/ist,  1891. 
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rivers,  which  become  swollen  and  muddy  according  to  the  weather  or  the 
season,  is  always  conspicuous,  and  proves  that  the  ice  is  constantly  creep- 
I  ing  downward  and  in  so  doing  is  wearing  down  the  rocks  over  which  it 

w  passes.  It  is  not  so  easy,  however,  as  in  the  case  of  rivers  to  measure 

:  the  amount  of  this  glacial  mud  and  to  form  an  approximate  idea  of  the 

amount  and  rate  of  the  erosion.  Various  measurements  and  estimates 
have  been  made  of  this  proportion  of  sediment  and  of  the  volume  of 
water  discharged  by  various  glaciers. 

From  the  end  of  the  Aar  glacier  (which  with  its  affluents  is  computed  to  have  an 
area  of  60  square  kilometres,  and  is  therefore  by  no  means  one  of  the  largest  in  Switzer¬ 
land)  it  has  been  estimated  that  there  escape  every  day  in  the  month  of  August  two 
million  cuhic  metres  (440  million  gallons)  of  water,  containing  284,374  kilogrammes 
(280  tons)  of  sand.  The  amount  of  line  sand  discharged  from  the  melting  glacier  into 
the  fjord  of  Isortok,  Greenland,  is  estimated  at  4062  million  kilogrammes  perday.^  ]\Ir. 
A.  Helland  has  computed  that  from  the  Justedal  glacier,  Norway,  one  million  kilo¬ 
grammes  of  sediment  arc  discharged  in  a  July  day,  and  that  the  total  annual  discharge 
from  the  ice-field,  830  square  miles  in  area,  amounts  to  180  millions  of  kilogrammes, 
besides  13  million  kilogrammes  of  mineral  matter  in  solution.  Taking  the  specific 
gravity  of  the  suspended  matter  at  2  “6,  he  finds  that  the  basin  of  the  glacier  loses  69,000 
cubic  metres  of  solid  rock  every  year,  or  a  cubic  mass  measuring  41  metres  on  the  side.- 
Among  tlie  Mont  Blanc  group  of  glaciers,  Professor  Diiparc  found  that  at  the  beginning 
of  August  1890,  the  water  from  the  Argentiere  glacier  contained  535  grammes  of  sedi¬ 
ment  in  every  cubic  metre  of  water,  and  at  the  same  time  in  1891,  139  grammes.  The 
water  from  the  Mer  de  Glace  at  the  first  date  contained  483  and  at  the  second  452 
grammes.  In  that  from  the  Bossons  the  quantities  were  2287  and  325.^  The  mean 
(piantity  from  seven  Norwegian  rivers  was  found  to  be  148  grammes  in  the  cuhic  metre 
of  water  ;  from  ten  Greenland  glaciers  634  grammes  ;  from  the  Icelandic  glaciers  975 
grammes.^  Mr.  P.  A.  Oyen  has  estimated  in  micromillimetres  the  annual  normal  erosion 
of  the  basins  of  four  northern  glaciers  as  follows  — 


Iceland,  Vatnajbkul  ....  647 

Norway,  Jostedalsbrae  .  .  .  .  79 

,,  Plardanger-jbkul  ....  69 

,,  Galdhbtind  ....  54 


(3)  I)ep)sitio}i  of  Detritus. — It  is  obvious  that  as  land-ice  is  a 
powerful  agent  in  the  transport  of  rock  debris,  it  must  play  an  important 
part  in  the  distribution  of  detritus  from  high  to  low  ground.  While 
rivers  are  limited  in  their  carrying  power  by  their  own  velocity  and  the 
size  of  the  materials  with 'which  they  have  to  deal,  glaciers  have  no 
similar  limitation.  Though  they  may  move  slowly,  they  are  capable  of 
conveying  the  most  gigantic  masses  of  rock  for  long  distances,  and  leaving 
them  in  places  hundreds  or  thousands  of  feet  below  their  points  of 
departure.  Moreover,  while  rivers  are  always  carrying  their  burden  of 
detritus  in  a  downward  direction,  glaciers  sometimes  climb  slopes  and 
push  up  their  moraines  and  boulders  to  considerable  heights. 

When  from  any  cause  a  glacier  diminishes  in  size,  it  may  drop  its 

^  ‘  Meddelelser  om  Gronland,  ’  vol.  ii. 

-  (^eoL  Fortin.  Sloc.klwhn^  1874,  No.  21,  Band  ii.  No  7. 

Archiv.  Sci.  Phys.  Nut,  Geneva,  xxvi.  (1891),  p.  531. 

^  A.  Helland,  op.  .supra  ciL  ;  Nyt.  Archi-u.  Natiir.  i.  ;  Archiv.  Math.  Natiir.  1882. 
\NijL  May.  1892  ;  xxxvii.  (1900),  p.  112. 
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blocks  upon  the  sides  of  its  valley,  and  leave  them  there,  sometimes  in 
the  most  threatening  positions.  Such  stranded  stones  are  known  as 
perched  blocks.  Those  of  each  valley  belong  to  the  rocks  of  that  valley ; 
and  if  there  be  any  difference  between  the  rocks  on  the  two  sides,  the 
perched  blocks,  cai-ried  far  down  from  their  sources,  still  point  to  that 
difference,  for  they  remain  on  their  own  original  side.  But  during  a 
former  great  extension  of  the  glaciers  of  the  northern  hemisphere,  blocks 
of  rock  have  been  carried  out  of  their  native  valleys,  across  plains,  valleys, 
and  even  considerable  ranges  of  hills. 


-  Fig.  100.— Pierre  a  Bot— a  gi’aiiite  block  from  the  Mont  Blanc  range,  .stranded  above*,  2s’'<‘nfch{Uel 

(J.  D.  Forbes). 

Such  “erratics”  (Findlinge)  not  only  abound  in,  the  Swiss  valleys,  but  cross  tlie 
great  plain  of  Switzerland,  and  appear  in  number.?  high  upon  the  llaiik.s  of  the  Jura. 
Since  the  latter  mountains  consist  cliieliy  of  limestone,  and  the  blocks  are  of  various 
crystalline  rocks  belonging  to  the  higher  parts  of  the  Alps,  the  proof  of  transpoit  is 
irrefragable.  Thousands  of  them  form  a  great  belt  of  boulder.s  extending  for  miles  at  an 
average  height  of  800  feet  above  the  Lake  of  Neufchatel  (Fig.  160).  These  comsist  of 
the  protogine  granite  of  the  Mont  Blanc  grou])  of  nioinitaius,  and  must  liave  travelled 


Fig.  ICl. — Angular  erratic  block  on  the  north  .side  of  the  Alpi  di  Pravolta,  I.ake  of  Como  (/k). 

at  least  60  or  70  miles.  One  of  the  most  noted  of  them,  the  Pierre  a  Bot  (toad-stone), 
which  lies  about  two  miles  west  of  ISTeufchatel,  measures  50  (French)  feet  in  length  hy 
20  in  width  and  40  in  height.  It  is  estimated  to  contain  40,000  cubic  feet,  and  to 
weigh  about  3000  tons.^  The  celebrated  “blocks  of  Montliey”  consist  of  huge  massc.s 
of  granite,  disposed  in  a  belt,  which  extends  for  miles  along  the  mountain  slopes  of  the 
left  bank  of  the  Rhone,  near  its  union  with  the  Lake  of  Geifeva.  On  the  southern  side 
of  the  Alps,  similar  evidence  of  the  transport  of  block.s  from  the  central  mountains  is  to 
be  found.  On  the  flanks  of  the  limestone  heights  on  the  farther  side  of  the  Ijake  of 
Como,  blocks  of  granite,  gneiss  and  other  crystalline  rocks  lie  scattered  about  in 
hundreds. 


^  Forbes,  ‘Travels  in  the  Alps,’  p.  49. 
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Before  the  numerous  facts  had  been  collected  and  understood  which  prove  a  former 
grea.t  augmentation  in  the  size  of  the  Alj^ine  glaciers,  it  was  believed  by  many  geologists 
that  the  erratics  stranded  along  the  Hanks  of  the  Jura  Mountains  had  been  transported 
on  floating  ice,  and  that  Central  Europe  was  then  in  great  part  submerged  beneath  an 


Fi".  162. — Section  to  show  the  extension  of  the  Alpine  Glaciers  (ct)  across  tlie  Plain  of  Switzerland, 
and  the  transport  of  blocks  to  the  sides  of  the  Jura  (m)  (B.). 

icy  sea.  It  is  now  universally  admitted,  however,  that  the  transport  has  been  entirely 
the  work  of  glaciers.  Instead  of  being  eoiibned,  as  at  present,  to  the  higher  parts  of 
their  valleys,  the  glaciers  extended  down  into  the  plains.  As  already  stated,  they  filled 
the  great  depression  between  the  Oberland  and  the  Jura,  and,  rising  high  upon  the  flanks 
of  the  latter  chain,  actually  overrode  some  of  its  ridges  (Fig.  162).  Similar  evidence  in 
the  hilly  parts  of  Britain,  as  well  as  in  other  parts  of  Europe  and  America,  no  longer  the 
abode  of  glaciers,  shows  that  a  great  extension  of 
snow  and  ice  at  a  recent  geological  period  prevailed 
in  the  northern  hemisphere,  as  will  he  described 
in  the  account  of  the  Glacial  period  in  Book  VI. 

As  Be  la  Beehe  has  well  pointed  out,  the  student 
must  be  on  his  guard  lest  he  be  led  to  mistake  for 
true  erratics  mere  weathered  blocks  belonging  to 
a  rock  that  has  disintegrated  m  sitit.  If,  for 
example,  he  should  encounter  a  block  like  that  inclined  strata  (P  ) 

represented  in  Fig.  163,  he  would  properly  conclude 

that  it  had  travelled,  because  it  did  not  belong  to  the  rock  on  which  it  lay.  But  he 
ivould  require  to  prove  further  tliat  there  was  no  rock  in  the  immediate  iieighhourliood 
from  which  it  could  have  fallen  as  the  result  of  mere  weathering.  The  granite  (c) 
shown  in  Fig.  164  disintegrates  at  the  summit,  and  the  blocks  into  which  it  splits 
find  their  way  hy  gravitation  down  the  slope.  ^ 


Fig.  164. — Granite  (c)  ducumposing  into  blocks  (a),  wliicli  gradually  roll  down  upon  the 
surrounding  stratified  rocks  (J5.). 

The  moraines  shed  from  the  sides  and  ends  of  glaciers  in  the  valleys 
remain  as  enduring  memorials  of  the  former  presence  of  the  ice.  These 

t  ^  Be  la  Beche,  ‘Geological  Observer,’  p.  257.  The  surface  of  some  parts  of  the  granite 
districts  of  Cornwall  is  strewn  with  large  boulders  of  granite,  schorl-rock,  vein-quartz,  &:c.  ; 
but  these,  though  resembling  erratics  in  form,  are  all  due  to  decomposition  of  the  parent-rocks 
in  sitv. 
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heaps  of  cle])ris  may  be  seen  running  along  the  sides  of  a  valley,  where 
they  mark  the  margin  of  the  ancient  glacier,  and  also  arranged  in  crescent- 
shape  across  the  valley,  as  they  were  thrown  down  from  the  melting  front 
of  the  ice.  Not  infrequently  a  succession  of  such  ridges  may  he  traced  up 
a  valley,  marking  successive  pauses  with  intervals  of  more  rapid  shrinkage 
of  the" ice.  Occasionally  lakes  of  water  are  still  ponded  hack  by  these 
moraines ;  more  frequently  the  barrier  of  detritus  has  been  cut  through 
by  the  escaping  stream,  and  an  alluvial  plain  or  peat-bog  may  mark  where 
the  lake  once  lay. 

]\Iuch  more  extensive  must  be  the  sheet  of  detritus  left  by  the  melting 
and  disappearance  of  a  plateau-glacier  or  ice-cap.  Observations  of  the  low 
ground  from  which  the  arctic  ice  has  retreated  show  it  to  be  strewn  with 
earth  and  stones  remarkably  like  the  boulder-clay  and  “glacial-drift 
which  cover  so  much  of  Northern  Europe  and  America.  (Book  VI.  Part 
V.  Sect.  i.  §  5.)  Professors  Garwood  and  Gregory  found  on  the  broad 
plain  of  the  Booming  Glacier,  Spitzbergen,  some  square  miles  of  a  tough 
mud,  with  scratched  boulders  and  pebbles,  which  only  needed  to  be  dried 
to  form  a  perfect  boulder-clay.  This  deposit  had  not  been  laid  down  as 
a  moraine  at  the  end  of  the  glacier,  but  represented  the  detritus  once 
enclosed  in  the  ice  and  dropped  when  the  ice  melted  and  retreated  to  its 
present  limits.^ 

§  6.  Oceanic  AVaters. 

The  area,  depth,  temperature,  density  and  composition  of  the  sea 
having  been  already  treated  of  (Book  11. ),  we  have  now  to  consider  its 
place  among  the  dynamical  agents  in  geology.  In  this  relation  it  may  be 
studied  under  two  aspects:  1st,  its  movements,  and  2nd,  its  geological  work. 

I.  Movements. — (1)  Tide^r — These  oscillations  of  the  mass  of  the 
oceanic  waters,  caused  by  the  attraction  of  the  sun  and  moon,  require 
notice  here  only  as  regards  their  geological  bearings.  They  are  scarcely  per¬ 
ceptible  in  enclosed  seas,  such  as  the  Mediterranean  and  Black  Seas,  which 
are  commonly  spoken  of  as  tideless.  In  strictness,  however,  a  feeble  but 
quite  recognisable  tide  may  be  observed  in  the  Mediterranean.  On  the 
coast  of  the  Alpes  Maritimes  it  has  a  mean  rise  of  6  to  8  inches,  the  least 
rise  being  4  and  the  highest  not  exceeding  1 0  inches.  The  Mediterranean 
tides  are  most  strongly  developed  in  the  Bay  of  Gibraltar  (where  they  rise 
from  5  feet  to  6  feet  6  inches),  the  upper  Adriatic,  and  the  Gulf  of  Gabes. 
At  Brindisi  the  rise  is  8  inches,  at -Ancona  1  foot  4  inches,  at  Venice  1 
foot  8  inches,  and  at  Trieste  2  feet  4  inches.  With  a  rise  of  the 
barometer  the  level  of  the  water  falls  sometimes  a  fourth  lower  than  the 
limit  of  the  normal  ebb.  Observations  at  Nice,  Monaco,  Cannes,  and 
other  places  show  that  from  atmospheric  disturbances  the  level  of  the 
sea  may  be  lowered  as  much  as  1  foot  8  inches.^ 

1  Q.  J.  a.  S.  liv.  (1898),  p.  209. 

See  ‘The  Tides  and  Kindred  Pheiioineiia  in  the  Solar  System,’  by  Professor  G.  H, 
Darwin,  1898,  pp.  xviii.  342. 

^  Haschert,  Deutsche  Rundschau  fat  Oeographie,  July  1887.  Bull  Amer.  Geograph. 
Soc.  xix.  (1887),  p.  314.  J.  de  Pulligny,  Frmig.  1891,  ii.  p.  287. 
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In  a  wide,  deep  ocean,  the  tidal  undulation  probably  produces  no  per¬ 
ceptible  geological  change.  It  passes  at  a  great  speed ;  in  the  Atlantic, 
its  rate  is  500  geographical  miles  an  hour.  But  as  this  is  merely  the 
passing  of  an  oscillation  whereby  the  particles  of  water  are  gently  raised 
up  and  let  down  again,  there  can  hardly  be  any  appreciable  effect  upon 
the  deep  ocean-bottom.  When,-  however,  the  tidal  wave  enters  a  narrow 
and  shallow  sea,  it  has  to  accommodate  itself  to  a  smaller  channel,  and 
encounters  more  and  more  the  friction  of  the  bottom.  Hence,  while  its 
rate  of  motion  is  diminished,  its  height  and  force  are  increased.  It  is  in 
shallow  water,  and  along  the  shores  of  the  land,  that  the  tides  acquire 
their  main  geological  importance.  They  there  show  themselves  in  an 
alternate  advance  upon  and  retreat  from  the  coast.  Their  upper  limit 
has  received  the  name  of  lhigh~v?ater  7 nark,  their  lower  that  of  loio-indn 


Fig.  1G5, — Section  of  a  Beach  dethied  by  high-  and  low-water  murk. 


7mwk,  the  littoral  space  between  being  termed  the  heach  (Fig.  165).  If 
the  coast  is  precipitous,  a  heach  can  only  occur  in  shelving  bays  and 
creeks,  since  elsewhere  the  tides  will  rise  and  fall  against  a  face  of  rock, 
tis  they  do  on  the  piers  of  a  port.  On  such  rocky  coasts,  the  line  of 
high-water  is  sometimes  admirably  defined  by  the  grey  crust  of  Imrnacles 
adhering  to  the  rocks.  Sea-weeds  likewise  indicate  the  limits  of  the 
beach,  the  large  laminarian  forms  marking  the  line  of  low-water.  Where 
the  beach  is  flat,  and  the  rise  and  fall  of  the  tide  great,  many  S(iuare 
miles  of  sand  or  mud  may  be  laid  bare  in  one  bay  at  low- water. 

The  height  of  the  tide  varies  from  zero  up  to  60  or  70  feet.^  It 
is  greatest  where,  from  the  form  of  the  land,  the  tidal  wave  is  cooped 
up  within  a  narrow  inlet  or  estuary.  Under  such  circumstances  the 
advancing  tide  sometimes  gathers  itself  into  one  or  more  large  waves, 
and  rushes  furiously  up  between  the  converging  shores.  This  is  the 
origin  of  the  “bore”  of  the  Severn,  which  rises  to  a  lieight  of  9  feet, 
while  the  rise  and  fall  of  the  tide  at  Chepstow  amounts  to  a  maximum 
of  50  feet.2  In  like  manner,  the  tides  which  enter  the  Bay  of  Fundy, 
between  Nova  Scotia  and  Hew  Brunswick,  are  more  and  more  cooped  up 
and  rise  higher  as  they  ascend  that  strait,  till  they  reach  a  height  of  70 

^  A  Corninittee  was  appointed  by  the  British  Asscreiation  to  investigate  the  ellects  of 
wind  and  atniosidieric  pressure  on  the  tides.  Its  hrst  report  appeared  in  the  volume  for 
1896,  pp.  503-526. 

“  On  the  bore  of  the  Severn,  see  V.  Ooniisli,  Hature^  l.xii.  (1900),  p.  126  ;  Ck.o(j ni ph . 
Journ.  1902,  p.  52  ;  C.  T.  ‘Whitinell,  HfUure,  Ixv.  (1902),  p.  344  ;  E.  W.  Trevo.st,  op.  rif, 
pp.  366,  392. 
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feet.^  The  bore  on  the  Tsien-Tang  Kiang,  7 0  miles  from  Shanghai,  rushes 
up  the  estuary  as  a  huge  breaker  20  feet  or  more  in  height,  with  a  loud 
roar  and  a  speed  of  sometimes  eight  knots  an  hour.- 


Fig.  166.~Eifect  of  converging  shores  upon  the  Tidal  Wave  (/j.). 

The  tidal  wave,  running  up  in  the  direction  of  the  arrows,  rises  .successively  higher  at  a,  h,  and  c  to  d, 
after  which  it  slackens  and  dies  away  at  the  upper  limit  of  tides,  /. 


While  the  tidal  swelling  is  increased  in  height  by  the  shallowness 
and  convergence  of  the  shores  between  which  it  moves,  it  gains  at  the 
same  time  force  and  rapidity.  No  longer  a  mere  oscillation  or  pulsation 
of  the  great  ocean,  the  tide  acquires  a  true  movement  of  translation,  and 
gives  rise  to  currents  which  rush  past  headlands  and  through  narrows  in 
powerful  streams  and  eddies. 

The  rocky  and  intricate  navigation  of  the  west  of  Scotland  and  Scandinavia  furnishes 
many  admirable  illustrations  of  the  rapidity  of  these  tidal  currents.  The  famous  whirl¬ 
pool  of  Corryvreckan,  the  lurking  eddies  in  the  Kyles  of  Skye,  the  breakers  at  the  Bor© 
of  Duncansby,  and  the  tumultuous  tideway,  grimly  named  by  the  northern  lisherrnen 
“The  Merry  Men  of  Mey,”  in  the  Pentland  Firth,  bear  witness  to  the  strength  of  these 
sea-rivers.  At  the  last-mentioned  strait,  the  current  or  “race”  at  its  strongest  runs  at 
the  rate  of  10  miles  an  hour,  which  is  fully  three  times  the  speed  of  most  of  our  largo 
rivers. 

(2)  Cwrents, — Modern  researches  in  ocean-temperature  have  disclosed 
the  remarkable  fact  that,  beneath  the  surface-layer  of  water  affected  by 
the  temperature  of  the  latitude,  there  lies  a  vast  mass  of  cold  water,  the 
bottom-temperature  of  every  ocean  in  free  communication  with  the  poles 
being  little  above,  and  sometimes  actually  below,  the  freezing-j)oint  of 
fresh  water.^  In  the  North  Atlantic,  a  temperature  of  40®  Eahr.  is 
reached  at  an  average  depth  of  about  800  fathoms,  all  beneath  that  depth 

^  See  J.  W.  Dawson  on  the  tides  of  the  gulf  and  river  of  St.  Lawrence  and  Bay  of 
Fundy,  Nature,  lx.  (1899),  p.  291  (see  p.  161)  ;  W.  H.  Wheeler,  up.  cit.  p.  461. 

^  Report  to  tlie  Admiralty  by  Commander  Moore,  R.N.,  1888. 

^  See,  ill  particular,  memoirs  by  Carpenter  and  Wyville  Thomson,  Drue.  liny.  Sue.  xvii. 
(1868)  ;  Brit.  Assoc,  xli.  et  seq.  ;  Proc.  Roy.  Geor/niph.  Sue.  xv.  Reports  to  the  Admiralty 
of  the  Challenger  Exploring  Expedition.  Wyville  Thomson’s  ‘De])ths  of  the  Sea,’  1873, 
and  ‘Atlantic,’  1877.  Narrative  volume  of  Challenger  Report.  Prince  of  Monaco,  Brit. 
Assoc.  1892.  Sir  J.  Murray,  “On  the  Annual  Range  of  Temperature  in  tlie  Surface  of  tlie 
Ocean  and  its  Relation  to  other  Ocean ograpliical  Phenomena,”  Geogmph.  Juur/i.  xii.  (1898), 
pp.  113-137  ;  “On  the  Temperature  of  the  Floor  of  the  Ocean  and  of  the  Surface-waters  of 
the  Ocean,”  op.  cit.  xiv.  (1899),  pp.  34-51. 
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being  progressively  colder.  In  the  equatorial  parts  of  that  ocean,  the 
same  temperature  comes  to  within  300  fathoms  of  the  surface.  In  the 
South  Atlantic,  off  Cape  of  Grood  Hope,  the  mass  of  cold  water  (below 
40°)  rises  likewise  to  about  300  fathoms  from  the  surface.  This 
distribution  of  temperature  proves  that  there  must  be  a  transference  of 
cold  polar  water  towards  the  equator ;  for  in  the  first  place,  the  tempera¬ 
ture  of  the  great  mass  of  the  ocean  is  much  lower  than  that  which  is 
normal  to  each  latitude,  and  in  the  second  place,  it  is  much  lower  than 
that  of  the  superficial  parts  of  the  earth’s  crust  underneath.  On  the 
other  hand,  the  movement  of  water  from  the  poles  to  the  equator  requires 
a  return  movement  of  compensation  from  the  equator  to  the  poles,  and 
this  must  take  place  in  the  superficial  strata  of  the  ocean.  Apart  there¬ 
fore  from  those  rapid  river-like  streams  which  traverse  the  ocean,  and 
to  which  the  name  of  Currents  is  given,  there  must  be  a  general  drift  of 
warm  surface-water  towards  the  poles.  This  is  doubtless  most  markedly 
the  case  in  the  North  Atlantic,  where,  besides  the  current  of  the  Gulf 
Stream,  there  is  a  prevalent  set  of  the  surface-waters  towards  the  north¬ 
east.  As  the  distribution  of  life  over  the  globe  is  everywhere  so  depend¬ 
ent  upon  temperature,  it  becomes  of  the  highest  interest  to  know 
that  a  truly  arctic  submarine  climate  exists  everywhere  in  the  deeper 
parts  of  the  sea.  With  such  uniformity  of  temperature,  we  may  antici¬ 
pate  that  the  abysmal  fauna  will  be  found  to  possess  a  corresponding 
sameness  of  character,  and  that  arctic  types  may  be  met  with  even  on 
the  ocean-bed  at  the  equator. 

But  besides  this  general  drift  or  set,  a  leading  part  in  oceanic 
circulation  is  taken  by  the  more  defined  currents.  The  tidal  wave 
only  becomes  one  of  translation  as  it  passes  into  shallow  water,  and 
is  thus  of  merely  local  consequence.  But  a  vast  body  of  water,  known 
as  the  Equatorial  Current,  moves  in  a  general  westerly  direction  round 
the  globe.  Owing  to  the  way  in  w’'hich  the  continents  cross  its  path, 
this  current  is  subject  to  considerable  deflections.  Thus,  that  portion 
which  crosses  the  Atlantic  from  the  African  side  strikes  against  the 
mass  of  South  America,  and  divides — one  portion  turning  towards  the 
south  and  skirting  the  shores  of  Brazil ;  the  other  bending  north-west- 
wai’d  into  the  Gulf  of  Mexico,  and  issuing  thence  as  the  well-known 
Gulf  Stream.  This  equatorial  water  is  comparatively  warm  and  light. 
At  the  same  time,  the  heavier  and  colder  polar  water  moves  towards 
the  equator,  sometimes  in  surface-currents  like  those  which  skirt  the 
eastern  and  western  shores  of  Greenland,  but  more  generally  as  a  cold 
under-current  which  creeps  over  the  floor  of  the  ocean  even  as  far  as  the 
equator. 

A  large  body  of  information  has  now  been  gathered  as  to  the  great 
marine  currents  which  traverse  the  upper  parts  of  the  ocean,  but 
comparatively  little  is  yet  known  of  the  velocity  of  the  movement  of 
the  water  at  great  depths.  Where  the  bottom  is  covered  with  a  deep 
fine  ooze  we  may  infer  that  the  rate  of  movement  must  be  so  feeble  as 
not  to  disturb  the  deposition  of  the  finest  sediment.  Where,  on  the 
other  hand,  “  hard -bottom  ”  is  found,  we  may  probably  conclude  that 
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a  sufficiently  strong  current  flows  there  to  prevent  the  accumulation 
of  sediment,  for  all  over  the  ocean  there  is  enough  of  oi'ganic  and 
inorganic  particles  diffused  through  the  water  to  form  a  deposit  on  the 
floor  if  the  conditions  are  favourable.  A  few  observations  have  been 
made  showing  that  at  considerable  depths  among  submarine  ridges  or 
islands  strong  currents  exist  At  a  depth  of  3000  feet  near  Gibraltar  the 
telegraph  cable  from  Falmouth  was  ground  like  the  edge  of  a  razor ;  and 
the  scouring  effects  of  strong  currents  have  been  noted  at  depths  of  6000 
feet  between  the  Canary  Islands.^ 

Much  discussion  has  arisen  in  recent  years  as  to  the  cause  of  oceanic 
circulation.  Two  rival  theories  have  been  given.  According  to  one  of 
tliese,  the  circulation  entirely  arises  from  that  of  the  nir.  The  trade- 
winds,  blowing  from  either  side  of  the  equator,  drive  the  water  before 
them  until  the  north-east  and  south-east  currents  unite  in  equatorial 
latitudes  into  one  broad  westerly-flowing  current.  Owing  to  the  form  of 
the  land,  portions  of  this  main  current  are  deflected  into  temperate 
latitudes,  and,  as  a  consequence,  an  equivalent  bulk  of  polar  water 
requires  to  move  towards  the  equator  to  restore  the  equilibrium. 
According  to  the  other  view,  the  currents  arise  from  differences  of 
temperature  (and  according  to  some,  of  salinity  also)  :  the  warm  and 
light  equatorial  water  stands  at  a  higher  level  than  the  colder  and 
heavier  polar  water ;  the  former,  therefore,  flows  down  as  it  were  pole- 
wards,  while  the  latter  moves  as  a  bottom-inflow  towards  the  e(]uat(>r ; 
the  cold  bottom-water  under  the  tropics  slowly  ascends  to  the  wanner- 
upper  layers,  and  rises  in  temperature  towards  the  surface,  whence  it 
drifts  away  as  warm  water  towards  the  pole,  and,  on  being  cooled  down 
there,  descends  and  begins  another  journey  to  the  equator.  There  can 
be  no  doubt  that  the  winds  are  directly  the  cause  of  such  currents  as  the 
Gulf  Stream,  and  therefore,  indirectly,  of  return  cold  currents  from  the 
polar  regions.  It  seems  hardly  less  certain  that,  to  some  extent  at  least, 
differences  of  temperature,  and  therefore  of  density,  must  occasion 
movements  in  the  mass  of  the  oceanic  waters.^ 

Apart  from  disputed  questions  in  physics,  the  main  facts  for  the 
geological  reader  to  grasp  are — that  a  system  of  circulation  exists  in  the 
ocean ;  that  warm  currents  move  round  the  equatorial  regions,  and  are 
turned  now  to  the  one  side,  now  to  the  other,  by  the  form  of  the 
continents  along  and  around  which  they  sweep ;  that  cold  currents  set 
in  from  poles  to  equator ;  and  that,  apart  from  actual  currents,  there  is 
an  extremely  slow  ‘'creep'’  of  the  polar  water,  under  the  warmer  upper- 
layers,  to  the  equator. 

1  T.  M.  Reade,  Phil.  Mmj.  xxv.  (1888),  p.  342.  Some  of  fclie  “sub-oeeanic;  ohaiiges^” 
enumerated  by  Dr.  John  Milne  in  the  paper  cited  on  p.  368  are  not  improbably  explicable 
by  the  action  of  such  currents. 

2  The  student  may  consult  Maury’s  ‘Physical  Geography  of  the  8ea,'  hut  more  par¬ 
ticularly  Dr.  Carpenter’s  papers  in  the  Proceedings  of  the  Royal  Society  for  1869-73,  and 
Journal  of  the  Royal  Geographical  Society  for  1871-77,  on  the  side  of  temperature  •  and 
Herschel’s  ‘Physical  Geography,’  and  Croll’s  ‘Climate  and  Time,’  on  the  side  of  the 
winds. 
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(3)  Waves  and  Ground-Swell. — A  gentle  breeze  curls  into  ripples  the 
surface  of  water  over  which  it  blows.  A  strong  gale  or  furious  storm 
raises  the  surface  into  waves.  The  agitation  of  the  water  in  a  storm  is 
prolonged  to  a  great  distance  beyond  the  area  of  the  original  disturb¬ 
ance,  and  then  takes  the  form  of  the  long  heaving  undulation  termed 
Ground- swell.  Waves  which  break  upon  the  land  or  sunken  rocks  are 
called  Breahers,  and  the  same  name  is  applied  to  the  ground -swell  as  it 
bursts  into  foam  and  spray  upon  submarine  reefs  and  shoals.  The 
concussion  of  earthquakes  sometimes  gives  rise  to  very  disastrous  ocean- 
waves  (p.  375). 

The  height  and  force  of  waves  depend  upon  the  strength  and  con¬ 
tinuance  of  the  wind,  the  breadth  and  depth  of  sea  and  height  of  the 
tides  (in  tidal  seas),  and  on  the  form  and  direction  of  the  coast-line.  The 
longer  the  fetch,’’  and  the  deeper  the  water,  the  higher  the  waves.  A 
coast  directly  facing  the  prevalent  wind  will  have  larger  waves  than  a 
neighbouring  shore  which  presents  itself  at  an  angle  to  the  wind  or  bends 
round  so  as  to  form  a  leeshore.  The  highest  waves  in  the  narrow  British 
seas  probably  never  exceed  15  or  20  feet,  and  usually  fall  short  of  that 
amount.  The  increase  of  their  normal  height  by  the  effect  of  gales 
varies  from  3  to  4  feet,  but  under  exceptional  conditions  may  rise  to 
5  ©r  even  7  feet.^  The  greatest  height  observed  by  Scoresby  among  the 
Atlantic  waves  was  43  feet.^ 

Ground-swell  propagated  across  a  broad  and  deep  ocean  produces  by 
far  the  most  imposing  breakers.  So  long  as  the  water  remains  deep  and 
no  wind  blows,  the  only  trace  of  the  passing  ground -swell  on  t^e  open 
sea  is  the  huge  broad  heaving  of  the  surface.  But  where  the  water 
shallows,  the  superficial  part  of  the  swell,  travelling  faster  than  the 
lower,  which  encounters  the  friction  of  the  bottom,  begins  to  curl  and 
crest  as  a  huge  billow  or  wall  of  water,  that  finally  bursts  against  the 
shore.  Such  billows,  even  when  no  wind  is  blowing,  often  cover  the 
cliffs  of  the  north  of  Scotland  with  sheets  of  water  and  foam  up  to 
heights  of  100  or  even  nearly  200  feet.  During  north-westerly  gales, 
the  windows  of  the  Dunnet  Head  lighthouse,  at  a  height  of  upwards  of 
300  feet  above  high-water  mark,  are  said  to  be  sometimes  broken  by 
stones  swept  up  the  cliffs  by  the  sheets  of  sea-water  which  then  deluge 
the  building. 

A  single  roller  of  the  ground-swell  20  feet  high  falls,  according  to 
Mr.  Scott  Russell,  with  a  pressure  of  about  a  ton  on  every  square  foot. 
The  late  Mr.  Thomas  Stevenson  conducted  a  series  of  measurements  of 
the  force  of  the  breakers  on  the  Atlantic  and  North  Sea  coasts  of 
Britain.  The  average  force  in  summer  was  found  in  the  Atlantic  to 
be  Gil  lb.  per  square  foot,  while  in  the  winter  it  was  2086  lb.,  or 
more  than  three  times  as  great.  On  several  occasions,  both  in  the 
Atlantic  and  North  Sea,  the  winter  breakers  were  found  to  exert  a 
pressure  of  three  tons  per  square  foot,  and  at  Dunbar  as  much  as  three 

1  W.  H.  Wheeler,  Brit.  Assoc.  1895,  and  Report  of  Committee,  1896. 

^  Brit.  Assoc.  Eep.  1850,  p.  26  ;  see  also  V.  Cornish,  op.  cit.  1899,  p.  636.  A  table  of 
observed  heights  of  waves  round  Great  Britain  is  given  in  T.  Stevenson’s  ‘Harbours,  ’  p.20. 
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tons  and  a  Besides  the  waves  produced  by  ordinary  wind  action, 

others  of  an  extraordinary  size  and  destructive  power  are  occasionally 
caused  by  local  atmospheric  disturbances.  Such  are  probably  the  mz  de 
marie  of  the  French  coast,  which  occasionally  rise  to  a  height  of  several 
feet,  and,  where  the  shores  converge  inland,  do  considerable  damage. 
Still  more  serious  are  the  effects  of  a  violent  cyclone -storm.  The  mere 
diminution  of  atmospheric  pressure  in  a  cyclone  must  tend  to  raise  the 
level  of  the  ocean  within  the  cyclone  limits.  But  the  further  furious 
spiral  in -rushing  of  the  air  towards  the  centre  of  the  low-pressure  area 
drives  the  sea  onward,  and  gives  rise  to  a  wave  or  succession  of  waves 
having  great  destructive  power.  Thus,  on  5th  October  1(SG4,  during  a 
great  cyclone  which  passed  over  Calcutta,  the  sea  rose  in  some  places 
24  feet,  and  swept  everything  before  it  with  irresistible  force,  drowning 
upwards  of  48,000  people. 

Besides  the  height  and  force  of  waves,  it  is  important  to  know 
the  depth  to  which  the  sea  is  affected  by  such  superficial  movements. 
Sir.  G.  Airy  states  that  ground-swell  may  break  in  100  fathoms  water.^ 
It  is  common  to  find  boulders  and  shingle  disturl^ed  at  a  depth  of  10 
fathoms,  and  even  driven  from  that  depth  to  tlic  shore,  and  waves  may 
be  noticed  to  become  muddy  from  the  working-uji  of  the  silt  at  the 
bottom,  where  they  have  reached  water  of  7  or  8  fathoms  in  depth. 
In  the  English  Channel  coarse  sediment  is  disturbed  at  depths  of  30 
or  more  fathoms.^  It  is  stated  by  Delesse  that  engineering  operations 
have  shown  submarine  constructions  to  be  scarcely  disturbed  at  a 
greater^  depth  than  5  metres  (16*4  feet)  in  the  Mediterranean  and  8 
metres  (26*24  feet)  in  the  Atlantic.^  In  the  Bay  of  Gascony,  the  depth 
at  which  the  sea  breaks  and  is  effective  in  the  transport  of  sand  along 
the  bottom,  is  said  to  vary  from  scarcely  3  metres  in  ordinary  weather 
to  5  metres  in  stormy  weather,  and  only  exceeds  10  metres  (32*8  feet) 
in  great  hurricanes.  According  to  Commander  Cialdi,  the  movement  of 
waves  may  disturb  fine  sand  on  the  bottom  at  a  depth  of  40  metres  (131 
feet)  in  the  English  Channel,  50  metres  (164  feet)  in  the  Mediterranean, 
and  200  metres  (656  feet)  in  the  ocean.®  Off  the  Florida  coast  the  dis¬ 
turbing  action  of  the  waves  is  believed  to  cease  below  100  fathoms.'^  As 
above  remarked,  the  probable  influence  of  currents  has  l)een  detected  at 
much  greater  depths. 

(4)  Ice  oil  the  Sea. — In  this  place  may  be  most  conveniently  noticed 
the  origin  and  movements  of  the  ice  which  in  circumpolar  latitudes 


^  T.  Stevenson,  Trans.  Hoy.  Soc.  E(Un.  xvi.  p.  26;  treatise  on  ‘  Jlarljours,’  p.  42. 

-  Encyclopedia  Metropolitana,  art.  ‘‘Waves.”  (^ientle  iriovernent  of  th(‘  bottom  v'ater 
i.s  said  to  be  sometimes  indicated  by  ripple-inarks  on  tbe  fine  sand  of  the  sea-floor  at  a 
depth  of  600  feet. 

T.  Stevenson’s  ‘Harbours,’  p.  15. 

A.  R.  Hunt,  Proc.  Roy.  hnhlm  Soc.  iv.  (1884),  p.  285.  For  further  inforniation  on 
this  subject,  B&a  yostea,  pp.  576,  581,  582. 

‘Lithologie  des  Mers  de  France’  (1872),  p.  110. 

Quoted  by  Delesse,  op.  cit.  p.  111. 

A.  Agassiz,  Arncr.  Acad.  xii.  (1882),  p.  108. 
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covers  the  sea.  This  ice  is  derived  from  two  sources — a,  the  freezing  of 
the  sea  itself,  and  /?,  the  seaward  prolongation  of  land-ice.^ 

a.  Three  chief  types  of  sea-ice  have  been  observed,  {a)  In  the 
Arctic  sounds  and  bays,  the  littoral  waters  freeze  along  the  shores,  and 
form  a  cake  of  ice  which,  upborne  by  the  tide  and  adhering  to  the  land, 
is  thickened  by  successive  additions  below,  as  well  as  by  snow  above, 
until  it  forms  a  shelf  of  ice  120  to  130  feet  broad,  and  20  to  30  feet  high. 
This  shelf,  known  as  the  Ice-foot,  serves  as  a  platform  on  which  the 


Fig.  167. — Disrupted  Floe-icc  of  Arctic  Seas. 

abundant  d6bris,  loosened  by  the  severe  frosts  of  an  arctic  winter,  gathers 
at  the  foot  of  the  cliffs.  It  is  more  or  less  completely  broken  up  in 
summer,  but  forms  again  with  the  early  frosts  of  the  ensuing  autumn. 
(/>)  The  surface  of  the  open  sea  likewise  freezes  over  into  a  continuous 
solid  sheet,  which,  when  undisturbed,  becomes  in  the  arctic  regions 
about  eight  feet  thick,  but  which  in  summer  breaks  up  into  separate 
masses,  sometimes  of  large  extent,  and  is  apt  to  be  piled  up  into  huge, 
irregular  heaps  (Fig.  167).  This  is  what  navigators  term  Floe-ice,  and 
the  separate  floating  cakes  are  known  as  floes.  Ships  fixed  among  these 

^  Consult  on  the  whole  of  this  subject  K.  Weyprecht’s  ‘  Die  Metamorphosen  des 
Polareises,’  Vienna,  1879;  Payer’s  ‘  New  Lands  within  the  Arctic  Circle,’ 1876,  chap.  i.  The 
physics  of  sea-ice  are  discussed  by  0.  Pettersson,  ‘  Vega-expeditionens  Vetenskapliga  lakt- 
tagelser,’  ii.  p.  290,  Stockholm,  1883.  Much  information  about  the  floe-ice  and  the  Green¬ 
land  icebergs  at  their  birthplace  will  be  found  in  Drygalski’s  volumes  cited  on  p.  535, 
and  in  the  papers  of  Professor  Chamberlin  in  the  Journ.  (real.  See  also  a  paper  by  R.  S. 
Parr  on  ^‘Arctic  Sea-ice  as  a  Geological  Agent,”  Amer.  Journ.  Sci.  hi.  (1897),  p.  223. 
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floes  have  drifted  with  the  ice  for  hundreds  of  miles,  until  at  last 
liberated  by  its  disruption.  (c)  In  the  Baltic  Sea,  off  the  coast  of 
Labrador  and  elsewhere,  ice  has  been  observed  to  form  on  the  sea-bottom. 
It  is  known  as  Ground-ice  or  Anchor- ice.  In  the  Labrador  fishing- 


6 


Tlie  glacier  (a,  h)  descends  from  mountainous  ground  (^)to  the  sea-level  (s),  bearing  mf>raine-stuffon  the 
surface,  pushing  on  detritus  below  (d),  and  sending  off  icebergs  (//<)»  which  may  carry  detritus  and 
drop  it  over  the  sea-bottom  ;  t,  t',  g,  lines  of  high  and  low  water. 


grounds,  it  forms  even  at  considerable  depths.  Seals  caught  in  the  lines 
at  those  depths  are  said  to  be  brought  up  sometimes  solidly  frozen.^ 

/3.  In  the  Arctic  regions,  vast  glaciers  drain  the  snow-fields,  and, 
descending  to  the  sea,  extend  for  some  distance  from  shore  until  large 
fragments  break  off  and,  under  the  influence  of  the  prevalent  ofl-shore 
winds,  float  away  seawards  (Fig.  168).  These  detached  masses  are  Ice- 


Fig.  169. — Arctic  Iceberg  seen  on  Parry’s  llrst  voyage. 


bergs.  Their  shape  and  size  greatly  vary,  but  lofty  peaked  forms  are 
common  (Fig.  169),  and  they  sometimes  rise  from  200  to  300  feet  or 

^  See  H.  Y.  Hind,  Canadian  Natvndist,  viii.  (1878),  pp.  227,  262. 
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moie  above  the  level  of  the  sea.^  As  the  part  that  appears  above  water 
IS  only  about  one-ninth  of  the  whole  mass  of  ice,  these  larger  ber^rs  mav 
sometimes  be  from  1800  to  2700  feet  thick  from  base  to  top,  though  the 
submarine  part  of  the  ice  may  be  as  irregular  in  form  and  thickness  as 
t  e  portion  above  water.^  Icebergs  of  the  largest  size  consequently  re¬ 
quire  water  of  some  depth  to  float  them,  but  are  often  seen  aground  before 
they  have  been  able  to  reach  the  deeper  sea  outside.  In  the  antarctic 
legions,  where  one  vast  sheet  of  ice  envelops  the  land  and  protrudes  into 
the  sea  as  a  long,  lofty  rampart  of  ice,  the  detached  icebergs  often  reach 
a  great  size,  and  are  characterised  by  the  frequency  of  a  flat  tabular  form 
(Fig.  170).^ 


170. — Tabular  Iceberg  detached  from  tlie  great  Antarctic  lee-barrier.  (Wilkes.) 


ir.  Geological  Work. — (1)  Influence  on  Climate. — Were  there  no 
agencies  in  nature  for  distributing  temperature,  there  would  be  a  regular 
and  uniform  diminution  of  the  mean  annual  temperature  from  equator  to 
poles,  and  the  isothermal  lines,  or  lines  of  equal  heat,  would  coincide  with 
lines  of  latitude.  But  no  such  general  correspondence  actually  exists.  A 
chart  of  the  globe,  with  the  isothermal  lines  drawn  across  it,  shows  that 
their  divergences  from  the  parallels  are  striking,  and  most  so  where  they 
approach  and  cross  the  ocean.  Currents  from  warm  regions  raise  the 
temperature  of  the  tracts  into  which  they  flow ;  those  from  cold  regions 
lower  it.  The  ocean,  in  short,  is  the  great  distributor  of  temperature 
over  the  globe. 

As  an  illustration,  the  two  opposite  sides  of  the  North  Atlantic  may  he  taken.  The 
cold  arctic  current,  flowing  southward  along  the  north-east*  coast  of  America,  reduces 
the  mean  annual  tem[)eratiire  of  that  region.  On  the  other  hand,  the  Gulf  Stream 
and  surface-drift  bring  to  the  shores  of  the  north-west  of  Europe  a  temperature  mueli 
above  what  these  would  otherwise  enjoy.  Dublin  and  the  south-eastern  headlands  of 
Labrador  lie  on  the  .same  parallel  of  latitude,  yet  differ  as  much  as  18°  in  fcheir  mean 
annual  temperature,  that  of  Dublin  being  50°,  and  that  of  Labrador  32°  Eahr.  Croll 

^  Drygalski  found  tlie  icebergs  shed  by  the  great  Jacobshaveii  ice-field  in  North  Green¬ 
land  to  range  in  height  from  21  to  137  or  perhaps  even  195  metres  (69  to  450  or  639  English 
feet)  ;  op.  mpra  ciL  chap.  xiv.  Salishury,  Jo'urn.  (hoi.  iii.  pp.  81,  92. 

^  Oil  flotation  of  icebergs,  see  (hoi.  Mag.  (2iid  sec.),  iii.  pp,  303,  379  ;  iv.  65,  p.  135. 

■*  On  antarctic  icebergs,  see  Arctowski,  (hogr.  Journ.  July  1899  ;  Compt.  rend,  cxxxii. 
(1901),  p.  725. 
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estimated  that  the  Gulf  Stream  conveys  nearly  half  as  much  heat  from  the  tropics  as  is 
received  from  the  sun  by  the  entire  arctic  regions.^ 

(2)  Erosion.  A.  Chemical. — Tlie  chemical  action  of  the  sea  upon  the 
rocks  of  its  bed  and  shores  has  not  yet  received  the  close  observation  and 
experimental  treatment  which  it  deserves.^  It  is  evident,  however,  that 
changes  analogous  to  those  effected  by  fresh  water  on  the  land  must  he 
in  progress.  Oxidation,  solution,  and  the  formation  of  carbonates,  no 
doubt  continually  take  place.  The  solvent  action  of  sea-water  is  most  con¬ 
spicuously  shown  among  the  calcareous  rocks  of  tropical  seas.  Sir  John 
Murray  first  called  attention  to  this  solution  as  evinced  in  the  sheltered 
waters  of  the  lagoons  of  coral  islands,^  and  his  observations  have  •  since 
been  confirmed  and  extended  by  Professor  A.  Agassiz,  who  has  brought  for¬ 
ward  numerous  illustrations  of  the  way  in  which  the  lower  part  of  lime¬ 
stone  cliffs  is  eaten  away  and  isolated  rocks  are  reduced  to  mushroom 
shapes.^ 

The  experiments  which  have  been  made  to  determine  the  nature  and  amount  of 
the  chemical  action  of  sea- water  have  thrown  some  little  light  on  this  subject.  Sir  John 
Xurray,  who  had  shown  that  calcareous  organisms  gradually  disappear  from  the  deposits 
of  the  sea-bottom  as  these  are  traced  down  into  the  abysses,  explained  their  absence 
there  by  the  influence  of  the  water  containing  carbonic  acid  in  dissolving  tlie  lime.  Sub¬ 
sequently  he  conducted  a  series  of  experiments  to  demonstrate  the  truth  of  this  view. 
Ten  specimens  of  coral  of  different  species  were  immersed  in  sea-water  and  allowed  to 
remain  for  periods  varying  from  20  to  60  days.  In  each  case  a  perceptible  loss  of 
material  took  place,  varying  from  0‘0725  to  0*1707  of  their  weight,  which  he  estimated 
to  be  equal  to  a  rate  of  loss  amounting  to  from  0*453  to  0*1860  from  one  square  iiich  of 
surface  in  a  year.  The  more  areolar  or  amorphous  corals  were  attacked  more  rapidly 
than  the  harder  crystalline  varieties. 

We  may  judge,  indeed,  of  the  nature  and  rapidity  of  some  ‘of  these  changes  by 
watching  the  decay  of  stones  and  material  employed  in  the  construction  of  piers.  Mr. 
Mallet — as  the  result  of  experiments  with  s])ecimens  sunk  in  the  sea— concluded  that 
from  to  -3^17  of  an  inch  in  depth  in  iron  castings  1  inch  thick,  and  about  of  an  inch 
of  wrought-iron,  will  be  destroyed  in  a  century  in  clear  salt  water.  Mr.  Stevenson,  in 
referring  to  these  experiments,  remarks  that  at  the  Bell  Rock  lightbouse,  twenty-five 

^  See  a  series  of  papers  by  him  on  the  “Gulf  Stream  and  Ocean  Currents,’'  in  OVo/.  May. 
and  Phil.  Maci.  for  1869,  1870-74,  and  Ms  work  ‘Climate  and  Time’  ;  likewise  a  series 
controversial  papers  on  this  subject  by  him  and  Professor  Newcombe,  J^hil.  Muy.  1883-84. 
Professor  Haughton  offered  some  calculations  of  tlie  actual  amount  of  influenee  exercisetl 
by  ocean-currents  upon  climate,  and  of  the  effect  of  a  current  between  the  Indian  and  Andie 
Oceans  across  Mesopotamia  and  the  Aralo- Caspian  depression.  JhiL  Assoc.  1881,  Reports, 
lip.  451,  463.  Agassiz  on  Gulf  Stream  in  his  ‘Three  Cruises  of  the  Blake,'  i.  p.  241. 

See  Biscliofs  ‘Chemical  Geology,’  vol.  i.  chap.  vii.  ;  Daubree,  ‘Geol.  experiin.’  vol.  i. 
The  subject  has  recently  been  undertaken  by  Professor  Joly  of  Dublin,  and  from  bis  skilled 
hands  some  valuable  results  may  be  anticipated.  See  Ms  first  paper  in  re  ml.  (Jowjrm 

ireol.  Internat.  Paris,  1900,  p.  774,  and  JBriY.  Assoc.  1900,  p.  731. 

Proc.  Roy.  Sue.  Edin.  1880,  p.  505. 

“  The  Coral-reefs  of  the  Hawaiian  Islands,”  Bull.  Mvs.  Comp.  Zool.  llanm'd,  xvii.  No.  3, 
pp.  125,  128  ;  A  Visit  to  the  Bermudas  in  March  1894,”  ojk  dt.  xxvii.  No.  2,  p.  215  ;  “Tlie 
Elevated  Reef  of  Plorida,”  op.  cit.  xxviii.  (1896),  p.  39. 

5  Proc.  Roy.  Soc.  Edin.  xvii.  (1889),  p.  109.  See  also  R.  Irvine,  Nature,  1888,  p.  4G1  ; 
J.  G.  Ross,  ibid.  p.  162.  Compare  A.  Agassiz,  Bull.  Mns.  Comp.  Zool.  Harvard,  xvii.  No  3 
(1889),  p.  125. 
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different  kinds  and  combinations  of  iron  were  exposed  to  the  action  of  the  sea,  and  all 
yielded  to  corrosion.  In  some  of  these  castings,  the  loss  was  at  the  rate  of  an  inch  in 
a  century.  “One  of  the  bars  which  was  free  from  air-holes  had  its  specific  gravity 
reduced  to  5*63,  and  its  trail  verse  strength  from  7409  lb.  to  4797  lb.,  and  yet  presented 
no  external  appearance  of  decay.  Another  apparently  sound  specimen  was  reduced  in 
strength  from  4068  lb.  to  2352  lb.,  having  lost  nearly  half  its  strength  in  fifty  years.” 
Similar  results  were  observed  by  Mr.  Grothe,  resident  engineer  at  the  construction  of 
the  ill-fated  railway  bridge  across  the  Pirtli  of  Tay.  A  cast  iron  cylinder  (such  as  was 
employed  in  constructing  the  concrete  basements  for  the  piers),  which  had  been  below 
water  for  only  sixteen  months,  was  found  to  be  so  corroded  that  a  pen-knife  could  be 
stuck  through  it  in  many  places.  An  examination  of  the  shore  will  sometimes  reveal  a 
good  deal  of  quiet  chemical  change  on  the  outer  crust  of  wave-washed  rocks.  Basalt, 
for  instance,  has  its  felspar  decomposed,  and  shows  the  presence  of  carbonates  by  effer¬ 
vescing  briskly  with  acid.  The  augite  is  occasionally  replaced  by  ferrous  carbonate.  In 
the  experiments  recently  conducted  by  Professor  Joly,  specimens  of  basalt,  orthoclase, 
obsidian  and  hornblende  reduced  to  tine  powder  were  kept  for  three  months  in  a  vessel 
of  sea-water  through  which  a  current  of  air  passed,  so  as  to  maintain  the  sediment  in 
suspension.  He  found  that  the  silicates,  especially  those  of  the  basalt,  had  lost  small 
but  perceptible  amounts  of  silica  and  lime,  and  he  calculated  that  this  los.s  in  the  case 
of  the  basalt  amounted  to  rather  more  than  half  a  gramme  per  square  metre  in  a  year.^ 

The  complex  chemical  changes  that  take  place  in  the  sea  through  the  operation  of 
living  and  dead  organisms  are  referred  to  on  pp.  605,  611,  621,  624-628. 

B.  Mechanical — It  is  mainly  by  its  mechanical  action  that  the  sea 
accomplishes  its  erosive  work.  This  can  only  take  place  where  the 
water  is  in  motion,  and,  other  things  being  equal,  is  greatest  where  the 
motion  is  strongest.  Hence  we  cannot  suppose  that  erosion  to  any 
appreciable  extent  can  be  effected  in  the  abysses  of  the  sea,  where  the 
only  motion  is  probably  the  slow  creeping  of  the  polar  water.  But  where 
the  currents  are  powerful  enough  to  move  grains  of  sand  and  gravel,  a 
slow  erosion  may  take  place  even  at  considerable  depths.  It  is  in  the 
upper  portions  of  the  sea,  however — the  region  of  currents,  tides,  and 
waves, — that  mechanical  erosion  is  chiefly  performed.  The  depth  to 
which  the  influence  of  waves  and  ground-swell  may  extend  seems  to  vary 
greatly  according  to  the  situation  (ante,  p.  562).  A  good  test  for  the 
absence  of  serious  abrasion  is  furnished  by  the  presence  of  fine  mud  on 
the  bottom.  Wherever  that  is  found,  we  may  be  tolerably  sure  that 
the  bottom  at  that  place  lies  beyond  the  reach  of  ordinary  breaker-action.^ 
From  the  superior  limit  of  the  accumulation  of  mud  up  to  high-water 
mark,  and  in  exposed  places  up  to  100  feet  or  more  above  high-water 
mark,  lies  the  zone  within  which  the  sea  does  its  work  of  abrasion.  To 
this  zone,  even  where  the  breakers  are  heaviest,  a  greater  extreme  vertical 
range  can  hardly  be  assigned  than  300  feet,  and  in  most  cases  it  probably 
falls  far  short  of  that  extent. 

I'he  mechanical  work  of  erosion  by  the  sea  is  done  in  six  ways. 

(i.)  The  enormous  force  of  the  breakers  suffices  to  tear  off‘  frag¬ 
ments  of  the  solid  rocks. 

Abundant  examples  are  furnished  by  the  })recipitous  shores  of  Caithness,  and  of  the 
Oikney  and  Shetland  Lslands.  It  sometimes  happens  that  demonstration  of  the  height 

^  T.  Stevenson’s  ^Harbours,’  p.  47.  Ojy.  sujrra  cit.  p.  780. 

T.  Stevenson,  cif.  p.  1 5. 
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to  which  the  effective  force  of  breakers  may  reach  is  furnished  at  lighthouses  built  on 
exposed  jjarts  of  the  coast.  Thus,  at  Unst,  the  most  northerly  point  of  Shetland,  walls 
were  overthrown  and  a  door  was  broken  open  at  a  height  of  196  feet  above  the  sea.  At 
the  Bishop  Rock  lighthouse,  on  the  west  of  England,  a  bell  W'eighing  3  cwt.  was 
wrenched  off  at  a  level  of  100  feet  above  high-water  rnark.^  Some  of  the  most  remark¬ 
able  instances  of  the  power  of  breakers  were  observed  by  Mr.  Stevenson  among  the 
islands  of  the  Shetland  group.  On  the  Bound  Skerry  he  found  that  blocks  of  rock,  up 
to  9^  tons  in  weight,  had  been  washed  together  at  a  height  of  nearly  60  feet  above  the 
sea  ;  that  blocks  w'eighing  from  6  to  13|  tons  had  been  actually  (piarriod  out  of  their 
original  bed,  at  a  height  of  from  70  to  75  feet ;  and  that  a  block  of  nearly  8  tons  had 
been  driven  before  the  waves,  at  the  level  of  20  feet  above  the  sea,  over  very  rough 
ground,  to  a  distance  of  73  feet.  He  likewise  records  the  moving  of  a  50-ton  block  by 
the  waves  at  Barrahead,  in  the  Hebrides.^  At  Plymouth,  also,  blocks  of  several  tons  in 
weight  have  been  known  to  be  washed  about  the  breakwater  like  pebbles.** 

(ii.)  Tlie  alternate  compression  and  expansion  of  air  in  crevices 
of  rocks  exposed  to  heavy  breakers  dislocate  large  masses  of  stone,  even 
above  the  direct  reach  of  the  waves.  It  is  a  fact  familiar  to  engineers 
that,  even  from  a  vertical  and  apparently  perfectly  solid  wall  of  well-built 
masonry  exposed  to  heavy  seas,  stones  will  sometimes  be  started  out  of 
their  places,  and  that  when  this  happens,  a  rapid  enlargement  of  the 
cavity  may  be  effected,  as  if  the  walls  were  breached  by  a  severe 
bombardment.  At  the  Eddystone  lighthouse,  during  a  storm  in  1840,  a 
door  which  had  been  securely  fastened  against  the  force  of  the  surf  from 
without,  was  actually  driven  outward  by  a  pressure  acting  from  within 
the  tower,  in  spite  of  the  strong  bolts  and  hinges,  which  were  broken. 
We  may  infer  that,  by  the  sudden  sinking  of  a  mass  of  water  hurled 
against  the  building,  a  partial  vacuum  was  formed,  and  that  the  air  inside 
forced  out  the  door  in  its  efforts  to  restore  the  equilibrium.*^  This  explana¬ 
tion  may  partly  account  for  the  way  in  which  the  stones  are  started  from 
their  places  in  a  solidly  built  sea-wall.  But  besides  this  cause,  we  must 
also  consider  a  perhaps  still  more  effective  one  in  the  condensation  of  the 
air  driven  before  the  wave  between  the  joints  and  crevices  of  the  stones, 
and  its  subsequent  instantaneous  expansion  when  the  wave  drops. 
During  gales,  when  large  waves  are  driven  to  shore,  many  tons  of  water 

^  T.  SteVenson,  vp.  cit.  p.  31.  D.  A.  Stevenson,  Min.  Proc.  Inst.  Civ.  Eng  in.  xlvi. 
(1876),  p.  7. 

^  T.  Stevenson,  aj).  cit.  pp.  21-37. 

**  The  student  will  bear  in  mind  that  the  relative  weight  of  bodies  is  greatly  reduced 
when  in  water,  and  still  more  in  sea-watei.  The  following  exaniple.s  will  illustrate  this  fact 
(T.  Stevenson’s  ‘Harbours,’  p.  107): — 


— 

Specific 

Gravity. 

No.  of  cuhic  feet  to  a 
ton  in  air. 

No,  of  feet  to  a  ton  in 
sea- water  of  specific 
{gravity  1*028. 

Basalt . 

2-99 

11-9 

18*26 

Red  granite 

2*71 

13*2 

21  *30 

Sandstone  .... 

2-41  1 

14*8 

26*00 

Cannel  Coal  .  .  .  | 

1  *54  I 

23*3 

70*00 

^  Walker,  Froc,  Inst.  Civ.  Eng  in.  i.  p.  15;  Stevenson’.s  ‘Harbours,’  p.  10. 
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are  poured  suddenly  into  a  cleft  or  cavern.  These  volumes  of  water,  as 
they  rush  in,  compress  the  air  into  every  joint  and  pore  of  the  rock  at 
the  further  end,  and  then,  quickly  retiring,  exert  such  a  suction  as  from 
time  to  time  to  bring  down  part  of  the  walls  or  roof.  The  sea  may  thus 
gradually  form  an  inland  passage  for  itself  to  the  surface  above,  in  a 
Idow-hole,''  or  “puffing-hole,''  through  which  spouts  of  foam  and  spray 
are  in  storms  shot  high  into  the  air. 

On  the  more  exposed  portions  of  the  west  coast  of  Ireland,  and  on  the  north  coast  of 
Cornwall,  numerous  examples  of  such  blow-holes  occur.  In  Scotland,  likewise,  they  may 
often  be  observed,  as  in  the  Biillers  (boilers)  of  Buchan  on  the  coast  of  Aberdeenshire, 
and  the  Geary  Pot  near  Arbroath.  Magnificent  instances  occur  among  the  Orkney  and 
Shetland  Islands,  some  of  the  more  shattered  rocks  of  these  northern  coasts  being,  as  it 
were,  honeycombed  by  sea-tunnels,  many  of  which  open  up  into  the  middle  of  fields 
or  moors. 

(iii.)  The  hydraulic  pressure  of  those  portions  of  large  waves  that 
enter  fissures  and  passages  tends  to  force  asunder  masses  of  rock.  The 
sea-water  which,  as  part  of  an  inrushing  wave,  fills  the  gullies  and  chinks 
of  the  shore-rocks,  exerts  the  same  pressure  upon  the  walls  between  which 
it  is  confined  as  the  rest  of  the  wave  is  doing  upon  the  face  of  the  cliff. 
Kach  cleft  so  circumstanced  becomes  a  kind  of  hydraulic  press,  the  potency 
of  which  is  to  be  measured  by  the  force  with  which  the  waves  fall  upon 
the  rocks  outside — a  force  which  often  amounts  to  three  tons  on  the 
square  foot.  There  can  be  little  doubt  that  by  this  means  considerable 
pieces  of  a  cliff  are  from  time  to  time  dislodged. 

(iv.)  The  waves  .make  use  of  the  loose  detritus  within  their  reach  to 
break  down  cliffs  exposed  to  their  fury.  Probably  by  far  the  largest 
amount  of  erosion  is  thus  accomplished.  The  blows  dealt  against  shore- 
cliffs  by  boulders,  gravel  and  sand  swung  forward  by  breakers,  were 
aptly  compared  by  Playfair  to  a  kind  of  artillery.^  During  a  storm  upon 
a  shingly  coast  we  may  hear,  at  a  distance  of  several  miles,  the  grind  of 
the  stones  upon  each  other,  as  they  are  dragged  back  by  the  recoil  of  the 
waves  which  had  launched  them  forward.^  In  this  tear  and  wear,  the 
loose  stones  are  ground  smaller,  and  acquire  the  smooth  round  form  so 
characteristic  of  a  surf-beaten  beach.  At  the  same  time,  they  bruise  and 
wear  down  cliffs  against  which  they  are  driven.  A  rock,  much  jointed, 
or  from  any  cause  presenting  less  resistance  to  attack,  is  excavated  into 
gullies,  creeks  and  caves ;  its  harder  parts  standing  out  as  promontories 
are  pierced;  gradually  a  series  of  detached  buttresses  and  sea-stacks 
appears  as  the  cliff  recedes,  and  these  in  turn  are  wasted  until  they  become 
mere  skerries  and  sunken  surf-beaten  reefs  (Fig.  171).  The  surface  of  the 
beach  is  likewise  ground  down.  The  reality  of  this  erosion  and  consequent 
lowering  of  level  is  sometimes  instructively  displayed  where  a  block 
of  harder  rock  serves  for  a  time  to  protect  the  portion  of  rocky  beach 
lying  beneath  it.  The  block  by  degrees  comes  to  rest  on  a  growing  pedestal, 

‘Illustrations  of  the  Huttoniau  Theory,’  sec.  97. 

For  a  graphic  account  of  the  heavy  roll  of  the  ]30ul(lers  and  thundering  of  the  billows 
as  heard  in  a  mine  under  the  sea  during  a  storm,  see  J.  W.  Henwood,  Trans.  Roy.  Geol. 
Sor.  Cornwall  v.  ]).  11. 
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which  is  eventually  cut  round  by  the  waves,  until  the  overlying  mass, 
losing  its  support,  rolls  down  upon  the  beach.  Thereafter  the  same 


Fig.  171.— Coast  of  Cornwall,  at  Bedrutlian  (Devonian  Rocks),  cat  by  the  sea  into  cliffs, 
bays  and  stacks  (B.). 


process  is  renewed,  and  the  boulder  itself  gradually  diminishes  in  size 
(Fig.  172).i 


Pig.  172. — Boulder  of  Dolerite  protecting  the  portion  of  volcanic  tuff  on  tin;  beach 
underneath  it;  Largo,  Fife. 


Of  the  progress  of  marine  erosion,  the  more  exposed  parts  of  the  liritish  couHt-line 
furnish  many  admirable  examples.  The  sea-board  of  Cornwall  presents  a  most  imjiressive 
range  of  cliffs,  sea-stacks,  caves,  gullies,  tunnels,  reefs  and  skerries,  showing  every  stage 
in  the  process  of  demolition  (Fig.  171).  The  west  coast  of  Ireland,  exposed  to  the  full 

^  See  on  the  action  of  waves  on  sea-beaches  and  sea-bottoms,  A.  B.  Hunt,  Lroc.  Xioi/. 
DuUin  Soc.  1884,  p.  241.  Other  examples  from  the  same  locality  figured  in  Fig.  172  are 
given  in  the  Geological  Survey  Memoir  on  Eastern  Fife,  1902. 
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swell  of  the  Atlantic,  is  in  innumerable  localities  completely  undermined  by  caverns,  into 
which  the  sea  enters  from  both  sides.  The  precipitous  coasts  of  Skye,  Sutherland, 
Caithness,  Aberdeen,  Kincardine  and  Forfar  abound  in  the  most  impressive  lessons  of 
the  waste  of  a  rocky  sea-margin ;  while  the  same  picturesq^ue  features  are  prolonged 
into  the  Orkney  and  Shetland  Islands,  the  magnificent  cliffs  of  Hoy  towering  as  a 
vast  wall  some  1200  feet  above  the  Atlantic  breakers,  which  are  tunnelling  and  fretting 
their  base. 

If  such  is  the  progress  of  waste  where  the  materials  consist  of  the  most  solid  rocks, 
we  may  expect  to  meet  with  still  more  impressive  proofs  of  decay  where  the  coast-line 
can  oppose  only  soft  sand  or  clay  to  the  march  of  the  breakers.  Again,  the  geological 
student  in  Britain  can  examine  for  himself  many  illustrations  of  this  kind  of  destruction 
around  the  shores  of  these  islands.  Within  the  last  few  hundred  years  entire  parishes, 
with  their  farms  and  villages,  have  been  washed  away,  g,nd  the  tide  now  ebbs  and  flows 
over  districts  which  in  old  times  were  cultivated  fields  and  cheerful  hamlets.  The 
coast  of  Yorkshire  between  Flamborough  Head  and  the  mouth  of  the  Humber,  and  also 
that  between  the  Wash  and  the  mouth  of  the  Thames,  suffer  at  a  specially  rapid  rate, 
for  the  cliffs  in  these  parts  consist  in  great  measure  of  soft  cla3\  In  some  places 
between  Spurn  Point  and  Flamborough  Head  this  loss  is  said  to  amount  to  five  yards 


Fig.  173. — Cliffs  of  clay  full  of  septarian  nodules,  the  acemnulation  of  wliich  serves  to  arrest  the 

progress  of  the  waves. 

per  annum. ^  In  the  forty  miles  of  cliff  between  Bridlington  and  Kilnsea  the  average 
annual  loss  is  computed  at  yards,  which  is  equal  to  about  one  acre  for  each  mile 
of  coast. - 

Other  parts  of  the  European  sea-board  likewise  furnish  instructive  lessons  as  to  the 
progress  of  marine  erosion.  The  destruction  of  Heligoland,  in  the  North  Sea,  has  been 
continuous  for  centuries,  the  stages  in  the  disappearance  of  this  island  being  easily 
followed  on  the  charts  of  successive  periods.^  Even  the  hard  crystalline  rocks  of 
Scandinavia  are  unable  wholly  to  withstand  the  assaults  of  the  Atlantic  breakers.^ 

While  investig^.tiEg  tbe  progress  of  waste  along  a  coast-line,  the  geologist  has  to 
consider  the  varying  powers  of  resistance  possessed  by  rocks,  and  the  extent  to  which  the 
action  of  the  waves  is  assisted  by  that  of  the  subaerial  agents.  Rocks  of  little  tenacity, 

1  R.  Pickwell,  Proc.  CiD.  Mngin.  li.  p.  191.  On  the  waste  of  the  coast  between 
the  Thames  and  Wash,  see  J.  B.  Redman,  oj),  cit.  xxiii.  (1864),  p.  186  ;  0.  Reid,  Geol.  May. 
2nd  dec.  iv.  p.  136.  “Geology  of  Holderness,”  Metn.  Geol.  Saru.  1885.  The  Reports  of 
the  British  Association  Committee  on  the  erosion  of  the  sea-coasts  of  England,  1885-95,  give 
much  interesting  information  on  this  subject.  On  the  waste  of  the  coast  at  Southwold  and 
(Jovehithe,  see  J.  Spiller,  Geol.  2Iag.  1896,  p.  23  ;  on  that  at  Wirral,  G.  H.  Morton,  oj;.  cit. 
p.  516  ;  on  that  of  County  Down,  op.  cit.  1897,  p.  62. 

-  W.  H.  Wheeler,  ‘  The  Sea  Coast,’  1902,  p.  2.  This  volume  gives  a  large  amount  of 
information  regarding  the  coasts  of  England  and  Northern  France. 

^  K.  W.  M.  Wiebel’s  ‘Die  Iiisel  Helgoland,’  4to,  Hamburg,  1848.  The  rate  of  erosion 
in  Holland  is  referred  to  in  Nature,  lx.  (1899),  p.  115. 

^  H.  Reusch,  Nett.es  Jalirh.  1879,  p.  244. 
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and  readily  susceptible  of  disintegration,  obviously  present  least  resistance  to  tlie  advance 
of  the  waves.  A  claj^  for  example,  is  readily  eaten  away.  If,  however,  it  sliould  contain 
numerous  hard  nodules  or  imbedded  boulders,  these,  as  they  drop  out,  may  accumulate 
in  front  beneath  the  cliff,  and  serve  as  a  partial  breakwater  against  the  waves  (Fig.  173). 
On  the  other  hand,  a  hard  band  or  boss  of  rock  may  withstand  the  destruction  which 
overtakes  the  softer  or  more  jointed  surrounding  portions,  and  may  consecpiently  be  left 
projecting  into  the  sea,  as  a  line  of  headland  or  promontory,  or  rising  as  an  isolated 
stack  (Fig.  171).  Besides  mere  hardness  or  softness,  the  geological  structure  of  the 
rocks  powerfully  influences  the  nature  and  rate  of  the  encroachment  of  the  sea.  Where, 
owing  to  the  inclination  of  bedding,  joints,  or  other  divisional  planes,  sheets  of  rock 
slope  down  into  the  water,  they  serve  as  a  kind  of  natural  breakwater,  up  and  down 


Fig.  174.— Sea-cliffs  of  flagstone  cut  along  vertical  joint-faces,  near  Ilolbuni  Head,  Caithness. 


which  the  surges  rise  and  fall  during  calms,  or  rush  in  crested  billows  during  gales,  the 
abrasion  being  here  reduced  to  the  smallest  proportions.  In  no  part  of  the  degradation 
of  the  land,  indeed,  can  the  dominant  influence  of  rock-structure  be  more  conspicuously 
observed  and  instructively  studied  than  along  sea-clifts.  Where  the  lines  of  precipice 
are  abrupt,  with  numerous  projecting  and  retiring  vertical  walls,  it  will  almost  invariably 
be  found  that  these  perpendicular  faces  have  been  cut  open  along  lines  of  intersecting 
joint.  The  existence  of  such  lines  of  division  permits  a  steep  or  vertical  front  to  be 
presented  by  the  land  to  the  sea,  because,  as  slice  after  slice  is  removed,  each  freshly 
bared  surface  is  still  defined  by  a  joint-plane  (see  p.  659). 

During  the  study  of  any  rocky  coast  where  these  features  are  exhibited,  the  observer 
will  soon  perceive  that  the  encroachment  of  the  sea  upon  the  land  is  not  due  merely  to 
the  action  of  the  waves,  but  that,  even  on  shores  where  the  gales  are  fiercest  and  the 
breakers  most  vigorous,  the  demolition  of  the  cliffs  depends  largely  upon  the  sapping 
influence  of  rain,  springs,  frosts,  and  general  atmospheric  disintegration.  In  Fig.  174, 
for  example,  which  gives  a  view  of  a  portion  of  the  northern  Caithness  coast,  exposed  to 
the  full  fury  of  the  gales  and  rapid  tidal  currents  which  rush  from  the  Atlantic  through 
the  Pentland  Firth,  we  see  at  once  that  though  the  base  of  the  cliff  is  scooped  out  by 
the  restless  surge  into  long  twilight  caves,  nevertheless  the  recession  of  the  precipice  is 
caused  by  the  wedging  off  of  slice  after  slice,  along  lines  of  vertical  joint,  and  that  this 
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process  begins  at  the  top,  where  the  subaerial  forces  and  not  the  waves  are  the  sculptors. 
Undoubtedly  the  sea  plays  its  part  by  removing  the  materials  dislodged,  and  preventing 
them  from  accumulating  against  and  protecting  the  face  of  the  precipice.  But  were 
it  not  for  the  potent  influence  of  subaerial  decay,  the  progress  of  the  sea  would  be 


f'ig.  175.— Marino  erosion,  wliere  exceptionally  the  base  of  a  cliff  recedes  faster  than  tlie  iipjjer  part. 

comparatively  feeble.  The  very  blocks  of  stone  which  give  the  waves  so  much  of  their 
efficacy  as  abrading  agents,  are  in  great  measure  furnished  to  them  by  the  action  of  the 
meteoric  agents.  If  sea-clifts  were  mainly  due  to  the  destructive  effects  of  the  waves, 
they  ought  to  overhang  their  base,  for  only  at  or  near  their  base  does  the  sea  act  (Fig. 
175).  But  the  fact  that,  in  the  vast  majority  of  cases,  sea-clifls,  instead  of  overhanging, 


Pig.  170.™ Overhanging  cliff,  Brough  of  Birsa,  Orkney,  due  to  landward  inclination  of  joints. 


slope  backward,  at  a  greater  or  less  angle,  from  tlie  sea  (Fig.  171),  shows  that  the  waste 
from  subaerial  action  is  really  greater  than  that  from  the  action  of  the  breakers.^  Even 
when  a  cliff  actually  overhangs,  however,  it  may  often  be  shown  that  the  apparent 
greater  recession  of  its  base,  and  inferentially  the  more  powerful  denuding  action  of  the 
sea,  are  deceptive.  In  Fig.  176,  one  of  the  innumerable  examples  from  the  Old  Red 

^  Whitaker,  Geol.  Mag.  iv.  p.  447. 
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Sandstone  cliffs  of  Caithness  and  the  Orkney  and  Shetland  Islands,  we  at  once  perceivft 
that  the  process  of  demolition  is  precisely  similar  to  that  already  cited  in  Fig.  174.  The 
cliff  recedes  by  the  loss  of  successive  slices  from  its  sea-front,  which  are  wedged  oft*  ii0t 
by  the  waves  below,  but  by  the  subaerial  agents  above,  along  lines  of  j^arallel  joint.  To 
the  inclination  of  these  divisional  planes  at  a  high  angle  from  the  sea,  the  precipice 
owes  its  slope  towards  the  land. 

(v.)  Tidal  Erosion. — Probably  the  chief  erosi^'e  inhueiice  of  the  tides 
is  indirect,  where  the  tidal  waves,  by  raising  the  general  surface  of  the 
water,  enable  wind-waves  to  act  with  effect  on  a  greater  area  of  land. 
As  already  remarked,  these  waves  during  gales  in  the  British  seas  may  be 
increased  several  feet  above  their  normal  height.  Kefereiice  has  been 
made  (pp.  560,  562)  to  the  existence  of  currents  at  considera])le  depths  in 
the  ocean,  though  not  in  the  profounder  abysses.  These  movements  hav<5 
been  observed  in  straits  between  islands  or  submarine  ridges,  and  they 
are  doubtless  connected  with  the  tidal  wave.  They  seem  to  possess 
sufficient  scour  to  prevent  the  accumulation  of  sediment;  l)ut  whether  they 
are  effective  in  eroding  hollows  on  the  sea-floor,  as  has  been  claimed 
for  them,  may  be  doubted.  Their  power  to  dig  out  hollows  or  to 
deepen  and  widen  channels  must  depend  not  merely  on  their  velocity 
but  upon  the  presence  of  detritus  which  they  can  use  in  abrasion, 
for  without  this  detritus  they  could  not  remove  the  surface  of  hard 
rocks.  ^ 

(vi.)  Ice-erosion. —  Among  the  erosive  operations  of  th(i  sea  must  be 
included  what  is  performed  by  floating  ice.  Along  the  margin  of  arctic 
lands,  the  ice  formed  along  the  shores  shields  them  from  attacks  by  the 
waves,  and  even  when  broken  up  as  the  season  advances  the  dislodged 
floes  break  the  force  of  the  waves  and  thus  continue  to  exercise  a  pro¬ 
tective  influence.^  Nevertheless,'  a  good  deal  is  done  by  the  disrupted 
floe-ice  and  ice-foot,  both  in  abrasion  and  in  deposit.  Cakes  of  ice, 
driven  by  storms,  tear  up  and  redistribute  the  soft  shallow-water  or 
littoral  deposits,  rub  and  scratch  the  rocks,  and  push  gravel  and  blocks 
of  rock  before  them  as  they  strand  on  the  shore.  Hence  beaches  of  coarse 
shingle  and  large  boulders  may  he  formed  by  the  stranding  ice,  though 
the  sea-hottom  immediately  below  may  be  covered  with  fine  mud.  The 
constant  stranding  and  rasping  of  the  floe-ice  prevents  the  growth  of  a 
continuous  coating  of  sea-weed,  barnacles,  (fee.,  which  would  so  far*  protect 
the  shore-rocks  from  abrasion.  Icebergs,  when  they  are  produced  1>y  the 
‘'calving'’  of  huge  masses  from  the  surface  of  a  glacier,  give  rise  to  waves 
sometimes  of  considerable  size,  whereby  the  shores  are  more  vigorously 
eroded.  At  the  time  of  their  detachment  or  in  their  subsequent  re¬ 
adjustments  in  consequence  of  melting,  they  from  time  to  time  thump 
heavily  on  the  bottom,  stirring  up  the  mud  and  causing  much  destruction 
of  life  on  the  sea-floor.  As  they  are  driven  before  a  gale  they  acquire 
great  momentum,  and  must  doubtless  grind  down  any  submarine  rock 
on  which  they  grate  as  they  are  driven  along.  The  geological  operations 

^  The  potency  of  tidal  action  has  keen  long  maintained  by  Mr.  T.  Mellard  Beach?,  Prm, 
Oeol.  Soc.  liver-pooO  1873  ;  Phil.  Mag.  'xxv.  (1888)^  p.  388. 

2  R.  S.  Tarr,  Aoner.  Jonr.  Sci.  iii.  (1897),  p.  224. 
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of  floating  ice  were  formerly  invoked  by  geologists  to  explain  much  that 
is  now  believed  to  have  been  entirely  the  work  of  ice  on  landd  The 
general  system  of  ice-striation  on  the  rocks  of  glaciated  countries  points 
to  the  radiation  of  the  striating  agent  from  centres,  to  a  continuity  of 
operation  along  definite  lines,  and  to  a  capacity  for  moulding  itself  to  the 
details  of  the  topography,  which  would  he  possessed  by  ice-sheets  and 
glaciers,  but  are  inconceivable  in  the  case  of  masses  of  floating  ice  driven 
about  at  the  mercy  of  winds  and  currents,  altogether  irrespective  of  the 
form  of  the  sea-bottom. 

(3)  Transport. — By  means  of  its  currents  the  sea  transports 
mechanically -suspended  sediment  to  varying  distances  from  the  land. 
The  distance  will  depend  on  the  size,  form  and  specific  gravity  of  the 
sediment  on  the  one  hand,  and  on  the  velocity  and  transporting  power 
of  the  marine  current  on  the  other.  Babbage  estimated  that  if,  from 
the  mouth  of  a  river  100  feet  deep,  suspended  limestone  mud,  of 
different  degrees  of  fineness,  were  discharged  into  a  sea  having  a  uniform 
depth  of  1000  feet  over  a  great  extent,  four  varieties  of  silt,  falling 
respectively  through  10,  8,  5  and  4  feet  of  water  per  hour,  would  be 
distributed  as  in  the  following  table  :  -  — 

Greatest  distance 

Lengtli  of  deposit.  of  deposit  from  , 
river.  ! 


It  must  be  borne  in  mind,  however,  that  mechanical  sediment  sinks 
faster  in  salt  than  in  fresh  water.^  The  chief  part  of  the  fine  mud  in 
the  layer  of  river-water,  which  floats  for  a  time  on  the  salter  and 
heavier  sea-water,  sinks  to  the  bottom  as  soon  as  the  two  waters  com¬ 
mingle.  It  has  been  ascertained,  nevertheless,  by  direct  observation 
that  an  appreciable  amount  of  extremely  fine  clay  is  present  in  ocean- 
water  even  far  away  from  land,  the  proportion  so  transported  depending 
not  only  on  the  size  and  weight  of  the  particles,  hut  on  the  tempeiatiiie 
and  to  a  less  extent  on  the  salinity,  being  greater  the  lower  the  tempem- 
ture  and  salinity.  In  specimens  of  surface-water  taken  from  various 
oceans  the  amount  of  mechanically  suspended  silicates  (clay)  was  found 
to  he  as  follows  :  ^ — 

1  For  au  account  of  the  work  of  floating  ice  (“pan-ice”),  H.  Y.  Hind,  Canadian 
Xid ii raiisf.,  vii.  (1878),  p.  ‘229. 

-  Q.  J.  QeoL  Sue.  xii.  p.  368. 

Bee  ante,  pp.  491,  511,  and  authorities  there  cited. 

4  Murray  and  Irvine,  Proc.  Roy.  Sue.  Edin.  xviii.  (1891),  p.  243.  These  authors 
regard  the  silicates  thus  mechanically  suspended  in  sea- water  as  the  probable  source  of  most 
of  the  silica  secreted  hy  marine  plants  and  animals  {posUa,  p.  625). 


miles. 

niiles. 

20 

200 

2.5 

250 

40 

•400 

50 

500 

V'elocity  of  fall 
per  hour. 


feet. 

1  10 

2  8 

3  5 

4  4 


Nearest  distance  of 
deposit  to  river. 


miles. 

180 

225 

360 

450 
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In  14  litres 
of  wat(ir. 

Atlantic  Ocean,  lat.  5r  20',  long.  31"  W.  0-0052  grm. 

German  Ocean,  30  miles  E.  of  May  Island  0-0063  ,, 

Mediterranean,  centre  of  Eastern  basin  .  0*0065  ,, 

Baltic  Sea,  salinity  1005*5  .  .  .  0*0105  ,, 

Bed  Sea,  off  Brothers  Island  .  .  .  0*0006  ,, 


Indian  Ocean,  lat.  15"  46'  IT.,  long.  58°  51'  E.  0*0006  „ 


I‘t*r  cnl)ic  mile 
of  water. 

™  1604  tons 

=  1946  „ 

^  2031  ,, 

=  3200  ,, 

264  ,, 

=  204  „ 


N'ear  the  land,  where  the  movements  of  the  water  <are  active,  much 
coarse  detritus  is  transported  along-shore  or  swept  farther  out  to  sea* 
A  prevalent  wind,  by  creating  a  current  in  a  given  direction,  or  a  stroug 
tidal  current  setting  along  a  coast-line,  will  cause  the  shingle  to  travel 
coastwise,  the  stones  getting  more  and  more  rounded  and  reduced  in 
size  as  they  recede  from  their  source.  In  tidal  seas  such  as  those  around 
the  British  Isles  the  prevalent  drift  of  the  littoral  detritu.s  is  on  the 
whole  in  the  direction  of  the  how  of  the  flood-tide,  though  liable  to  local 
deviations  according  to  the  form  of  the  coast-line.’*  The  Chesil  Bank, 
which  runs  as  a  natural  breakwater  16  miles  long,  connecting  the  Isle 
of  Portland  with  the  mainland  of  Dorsetshire,  consists  of  drifted  rounded 
.shingle.^  On  the  Moray  Firth,  the  reefs  of  quartz-rock  about  Cullen 
furnish  abundance  of  shingle,  which,  urged  by  successive  easterly  gales, 
moves  westwards  along  the  coast  for  more  than  1 5  miles.  The  coarser 
sediment  probably  seldom  goes  much  beyond  the  littoral  zone.  Returning 
to  the  subject  of  the  depth  to  which  wave-action  extends  {(mU\  p.  562), 
we  may  take  note  that  it  has  been  observed  by  the  fisheimen  at  I^and's 
End  that  their  lobster-pots  are  often  filled  with  coarse  saufl  and  shingle 
in  depths  up  to  30  fathoms  during  heavy  ground-swells,  and  that  some 
of  the  stones  weigh  as  much  as  one  pound.*^  From  a  depth  of  even  600 
fathoms  in  the  North  Atlantic,  between  the  Faroe  Islands  and  Scotland, 
small  pebbles  of  volcanic  and  other  rocks  are  dredged  u])  which  may 
have  been  carried  by  an  arctic  under- current  from  the  north.  Sir  flohii 
Murray  and  Captain  Tizzard,  hoAvever,  have  brought  up  large  blocks  of 
rounded  shingle  from  that  bank  at  a  depth  of  300  fathoms.  Such 
detritus  can  hardly  be  due  to  any  present  action  of  the  sea,  for  at  these 
depths  the  force  of  currents  at  the  bottom  is  probably  too  feeble  to 
push  along  coarse  shingle.  It  may  be  moraine-stulf  dating  back  to  the 
ice-sheets  of  the  Glacial  period, .  its  finer  particles  having  been  swept 
away,  while  it  is  prevented  from  being  buried  under  submarine  mud  liy 
the  scour  of  the  currents  over  the  bank.  Blocks  of  stone  lirolight  up 


^  W.  H.  Wheeler,  ‘The  Sea-Coast,’  p,  73. 

2  On  the  Chesil  Bank,  see  J.  Goode,  i/m.  Proc.  Put.  (Jiv,  Jhigin.  xii.  p.  520.  J.  B, 
Eedman,  op.  at.  xi.  p.  201 ;  xxiii.  p.  226  ;  Nature.,  xxvi.  pp.  30,  104,  150  ;  Prestwich, 
Min.  Proc.  Inst.  Civ.  Engin.  xl.  (1875),  p.  115  ;  H.  W.  Bristow  and  W.  Whitaker,  Geol, 
Mag.  Vi.  (1869),  p.  433  ;  0.  Fisher,  op.  cit.  1874,  p.  285  ;  G.  11.  Kiuahan,  up.  ei't  1874  ; 
Min.  Proc.  Inst  Civ.  Engin.  Iviii.  (1878) ;  A.  K.  Hunt,  Proc.  Rug.  Jhihlin  Roc.  iv. 
(1884),  p.  241  ;  V.  Cornish,  Proc.  Dorset  Nat.  Hut.  FieM-Olub,  1898,  also  0mg.  Journ. 
May  1§9S  ;  W.  H.  Wheeler,  ‘The  Sea-Coast,’  1902,  p.  144.  The  generM  traiinport  of 
littoral  detritus  in  the  English  Channel  is  from  west  to  east ;  Sir  J.  Prestwloh,  however, 
thought  that  at  the  Chesil  Bank  this  direction  is  locally  reversed. 

^  J.  N.  Douglas,  Min.  Proc.  Inst.  Civ.  Engm.  xl.  (1875),  p.  103. 
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from  depths  of  more  than  2000  fathoms  in  the  Atlantic  (lat.  49'"  N., 
long,  43 '"-44^  W.)  have  probably  been  dropped  by  icebergs  from  the 
iiorth.^ 

Much  fine  sediment  is  visibly  carried  in  suspension  by  the  sea  for 
long  distances  from  land.  The  Amazon  pours  so  much  silt  into  the 
sea  as  to  discolour  it  for  several  hundred  miles.  After  wet  weather, 
the  sea  close  around  the  shores  of  the  British  Islands  is  sometimes  made 
turbid  by  the  (quantity  of  mud  washed  by  rain  and  streams  from  the 
land.  Dr.  Carpenter  found  the  bottom-waters  of  the  Mediterranean  to 
be  everywhere  permeated  by  an  extremely  fine  mud,  derived  no  doubt 
fi'om  the  rivers  and  shores  of  that  sea.  He  remarks  that  the  characteristic 
Idueness  of  the  Mediterranean,  like  that  of  the  Lake  of  Geneva,  may  be 
due  to  the  diffusion  of  exceedingly  minute  sedimentary  particles  through 
the  water. 

The  great  oceanic  currents  are  probably  powerful  agents  in  the 
transport  of  fine  detritus  and  of  living  and  dead  organisms.  Coral-reefs 
appear  to  flourish  best  where  these  currents  bring  a  continuous  and 
abundant  supply  of  food  to  the  reefdmilders.  The  reefs,  in  turns,  furnish 
an  enormous  quantity  of  fine  silt,  produced  by  the  pounding  action  of 
]>reakers  upon  them.  Before  the  silt  can  sink  to  the  bottom,  it  may  l.)e 
transported  to  vast  distances.  The  lower  portion  of  the  Gulf  Stream, 
from  its  exit  in  the  Florida  Channel  northward  to  Cape  Hatteras,  a 
distance  of  700  miles,  has  been  compared  to  a  huge  muddy  river, 
carrying  its  silt  to  the  steep  slope  south  of  that  cape,  and  depositing 
here  and  there  patches  of  green  sand  along  the  sides  of  its  course,  while 
the  upper  waters  remain  perfectly  clear  and  of  the  deepest  blue.  The 
silt  is  partly  derived  from  the  abrasion  of  coral-reefs,  partly  from  the 
decay  of  the  abundant  pelagic  fauna  swept  onward  by  the  current. 
Professor  A.  Agassiz  has  called  attention  to  the  important  part  which 
'  the  great  oceanic  currents,  in  ancient  as  in  modern  times,  may  have 
played  in  the  acciimulation  of  limestones,  not  only  by  transporting 
calcareous  organisms,  but  by  bringing  an  abundant  food -supply  and 
thereby  nourishing  a  prolific  fauna  along  their  track.- 

During  the  voyage  of  the  Challenger,  from  the  abysses  of  the  Pacific 
Ocean,  at  remote  distances  from  land,  the  dredge  brought  up  bushels  of 
rounded  pieces  of  pumice  of  all  sizes  up  to  blocks  a  foot  in  diameter. 
I'hese  fragments  were  all  evidently  waterworn,  as  if  derived  from  land, 
though  we  are  still  ignorant  of  the  extent  to  which  they  may  have  been 
supplied  by  submarine  volcanic  eruptions.  Some  small  pieces  were  taken 
on  the  surface  of  the  ocean  in  the  tow-net.  Round  volcanic  islands, 
and  off  the  coasts  of  volcanic  tracts  of  the  mainland,  the  sea  is  sometimes 
covered  with  floating  pieces  of  water-worn  xmmice  swept  out  by  flooded 
rivers.  These  fragments  may  drift  away  for  hundreds  or  even  thousands 
of  miles  until,  l>ecoming  water-logged,  they  sink  to  the  bottom.  The 

^  See  charts  of  part  of  North  Atlantic  hy  Messrs.  Sieiueiis  Brothers  k  Co.,  London, 
1882.  Some  specimens  sliown  to  me  hy  Messrs.  Siemens  are  pieces  of  hasalt  which  may 
have  come  from  Greenland. 

®  Amd^.  xi.  (1882),  p.  126. 
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universal  distribution  of  pumice  was  one  of  the  most  noticeable  features 
in  the  dredgings  of  the  Challenger.  The  clay  which  is  found  on  tlii* 
bottom  of  the  ocean,  at  the  greatest  distances  from  any  shore,  contain# 
only  volcanic  minerals,  and  appears  to  be  due  to  the  trituration  <if 
volcanic  detritus.  In  approaching  the  continents,  at  a  distance^ of 
several  hundred  miles  from  shore,  traces  of  the  minerals  of  the  crystiilliin? 
rocks  of  the  land  begin  to  make  their  appearance.^ 

Another  not  unimportant  process  of  marine  transport  is  that  perfoop0<l 
by  floating  ice.  In  the  arctic  regions,  as  we  have  seen,  vast  quantities 
detritus  become  bedded  with  the  ice  at  the  bottom  of  the  glaciers  as 
approach  the  sea.  The  icebergs  that  float  off  from  these  glaciers,  though 
their  visible  parts  may  be  pure  clean  ice,  are  thus  freighted  with  mbbiA 
below,  which  when  a  berg  capsizes  is  not  infrequently  l>rought  up  to  the 
surface  as  a  black  mass.  Owing,  however,  to  the  more  rapid  melting  of 
the  portion  of  the  ice  that  is  immersed  in  the  sea,  most  of  the  detritus  l« 
probably  thrown  down  on  the  bottom  not  very  far  from  land.  Occasional 
instances,  however,  have  been  observed,  hundreds  of  miles  to  tlm  BOUfcb| 
where  blocks  of  rock  or  portions  of  earth  still  remained  on  the  bergs.  It 
is  estimated  that  thousands  of  tons  of  boulders,  gravel,  and  clay  are  every 
year  sent  into  the  sea  from  the  front  of  each  large  glacier  in  North 
Greenland,  and  that  much  of  this  freight  is  borne  out  of  the  fjords  into 
Baffin’s  Bay.^  The  floor  of  certain  portions  of  the  North  Atlantic  in  the 
pathway  of  the  annual  fleet  of  icebergs  may  thus  be  plentifully  strewn 
with  ice-borne  detritus.  By  means  also  of  the  sea-ice  that  freezes  to  tli» 
shores,  an  enormous  quantity  of  earth  and  stones  is  every  year  borti€ 
away  on  the  disrupted  floes,  and  is  strewn  over  the  floor  of  the  sounds 
bays  and  channels.  Professor  Tarr,  in  voyaging  along  the  Americiill 
coast  for  a  thousand  miles  north  of  the  Straits  of  Belle  Isle  and  almost 
continuously  amongst  floe-ice,  estimated  that  about  one  per  cent  of  th# 
cakes  carried  debris  of  some  kind,  while  in  some  cases  they  were  quito 
black  with  it,  and  fully  half  of  them  were  discoloured  with  the  sedimeitt 
they  were  carrying.^ 

Exceptional  methods  of  transport  have  been  noted  in  various  parts  of  the  oceiill#* 
Thus  in  south-western  Patagonia,  ISfordeiiskjold  foinid  hits  of  slato  which,  thoti^li 
specifically  heavier  than  the  water,  were  kept  afloat  for  some  time  on  the  surface  of  til# 
sea.-*  Occasionally  fine  dry  sand,  blown  by  the  wind  to  a  surface  of  smooth  water,  may 
be  observed  to  float  there  for  a  tirne.^  A  more  singular  mode  of  conveyance  by  wlifeli 
pebbles  may  be  carried  for  great  distances  is  where  they  have  been  swallowed  by 

(4)  Reproduction. — The  sea,  being  the  receptacle  for  the  materim! 
worn  away  from  the  land,  must  receive  and  store  up  in  its  depths  all  thiit 

*  Murray,  Proc.  Roy.  Soc,  Edin.  1876-77,  p.  247.  Considerahlo  (|iiaTititiiH  of 
and  slag  are  from  time  to  time  drifted  to  thfe  coasts  of  Nfortbarn  Europe  (Blhikstroni, 

Scensk.  Vet.  Ahad.  Handl.  xvi.  ii.  No.  5,  1890).  There  can  be  little  doubt,  liowever,  tli«l 
much  of  this  material  has  come  from  the  cleaning  out  of  the  furnaces  of  sea-going  Hteaiiiem* 

-  K  S.  Tarr,  Amei\  Jour.  ScL  iii.  (1897),  p.  228.  cit.  p.  227. 

■*  GeoL  Foren.  Stockholm,  xxi.  p.  537. 
r)  Simoiids,  Amer.  Geol.  xvii.  (1896),  p.  29. 

L.  Vaillaiit,  B.  S.  G.  F.  3rd  ser.  xix.  (1892),  p.  111. 
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vast  amount  of  detritus  by  the  removal  of  which  the  level  and  contours 
of  the  land  are  in  the  course  of  time  so  greatly  changed.  The  deposits 
which  take  place  within  the  area  covered  by  the  sea  may  be  divided  into 
two  groups — the  inorganic  and  organic.  It  is  the  former  with  which  we 
have  at  present  to  deal ;  the  latter  will  he  discussed  with  the  other 
geological  functions  of  plants  and  animals  (pp,  605,  610,  613  mq.).  The 
inorganic  deposits  of  the  sea-floor  are  (i.)  chemical  and  (ii.)  meehanicah 

(i.)  Of  Chemical  deposits  now  forming  on  the  sea-fioor  we  know  as 
yet  very  little,  save  as  regards  those  that  take  place  in  shallow  enclosed 
basins  where  they  come  directly  under  observation.  On  the  Morbihan 
coast  in  the  north-west  of  France,  for  example,  the  enclosure  of  extensive 
shallow  lagoons  of  sea- water  has  been  completed  artificially,  and  from 
these  basins  100,000  to  200,000  tons  of  salt  are  annually  obtained.  The 
salt  is  not  pure  chloride  of  sodium,  but  contains  some  chlorides  of 
magnesium  and  calcium  with  traces  of  bromides  and  iodides.  Other 
substances  of  great  geological  interest  are  deposited  from  chemical  solution, 
more  particularly  gypsum,  crystals  of  which  3  to  4  centimetres  in  size 
are  formed  on  the  bottoms  of  some  of  these  lagoons.  The  formation  of 
these  crystals,  however,  is  probably  due  in  main  part  if  not  entirely  to 
the  co-operation  of  certain  bacteria,  which  liberate  sulphur  by  oxidising 
sulphuretted  hydrogen,  and  then  by  a  second  process  of  oxidation 
transform  the  sulphur  into  sulphuric  acid,  which  chiefly  combines  with 
lime.^ 

At  the  mouth  of  the  Ehdne  a  crystalline  calcareous  deposit  accumu¬ 
lates,  in  which  the  debris  of  the  sea-fioor  is  enveloped.  Bischof  estimated 
that  no  precipitation  of  carbonate  of  lime  could  take  place  from  sea-water 
until  after  of  the  water  had  evaporated.^  No  deposit  of  lime  in  the 
open  sea  is  possible  from  concentration  of  sea-water.  But  the  calcareous 
formation  on  the  sea-bottom  opposite  rivers  like  the  Ehdne,  if  not  the  result 
of  the  precipitation  of  lime  by  plants  or  animals,  may  perhaps  be  explained 
by  supposing  that  as  the  layer  of  river-water  floats  and  thins  out  over  the 
surface  of  the  sea  in  warm  weather  with  rapid  evaporation,  its  com- 
j^’atively  large  proportion  of  carbonate  of  lime  may  be  partially  precipi¬ 
tated.  It  has  been  observed  near  Nice,  as  well  as  on  the  African  coasts 
and  other  parts  of  the  Mediterranean  shores,  that  on  shore -rocks  within 
reach  of  the  water  a  hard  varnish-like  crust  is  deposited.  This  substance 
consists  essentially  of  carbonate  of  lime.  As  it  extends  over  rocks  of  the 
most  various  composition,  it  has  been  regarded  as  a  deposit  of  lime  held 
in  solution  in  the  shore  sea-water,  and  rapidly  evaporated  in  pools  or 
while  bathing  the  surface  of  rocks  exposed  to  strong  sun-heat.^  But  it 
may  possibly  be  due  to  organic  agency  like  the  amorphous  crust  of  lime¬ 
stone  formed  by  nullipores  (sae  fostea,  p.  605). 

During  the  researches  of  the  (Jhillenger  expedition,  important  facts  in 

^  C.  Barrois,  An7i.  Son.  (/euL  Hard.  xxiv.  (1896),  p.  198  ;  Winogradsky,  Botanische 
Entuny^  1887. 

‘Cliem.  Geol.’  i.  p.  178. 

BtdL  Soc.  (real.  France  ii.  p.  219  ;  iii.  p.  46  ;  vi.  ]).  84.  postea,  p.  624,  where 
the  evaporation  iii  the  coral-seas  is  referred  to. 
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the  history  of  marine  chemistry  were  obtained  from  the  abysses  of  the 
Atlantic  and  Pacific  oceans.  The  precipitation  of  hydrates  of  manganese 
and  iron  was  found  to  take  place  there  on  an  extensive  scale,  and  this 
process  has  since  been  observed  in  many  other  seas  even  in  water  of  no 
o-reat  depth.  Some  of  the  mineral  precipitations  on  tiie  sea-hottom  liave 
an  evident  relation  to  the  influence  of  organisms  or  organic  matter,  as  is 
more  especially  indicated  by  the  glauconitic  and  phosphatic  deposits 
which  are  there  laid  down,  and  to  which  fuller  reference  Js  made  in  the 
account  of  the  action  of  plant  and  animal  life  (pp-  626,  627).^  It  may  he 
added  here  that  even  crystals  of  a  zeolite  have  been  ascertained  to  be  in 
course  of  formation  among  the  clays  of  the  deep  sea,  as  will  l>e  more 
particularly  noted  on  p-  585, 

(ii.)  The  Mechanical  deposits  of  the  sea  may  be  grouped  into  sub¬ 
divisions  according  as  they  are  directly  connected  wdth  the  waste  of  the 
land,  or  have  originated  at  great  depths  and  remote  from  land,  when 
their  source  is  not  so  obvious.^ 

A.  Land-derived  or  Terrigenon,^.— These  may  he  conveniently  grouped 
according  to  their  relative  places  on  the  sea-bed. 

a.  Shore  Deposits. — The  most  conspicuous  and  familiar  arc  the  layers 
of  gravel  and  sand  which  accumulate  bet^veeii  tide- marks.  As  a  rule,  the 
coarse  materials  are  thrown  up  about  the  upper  limit  of  the  beach. 
They  seem  to  remain  stationary  there  ;  l3Ut  if  watched  and  examined 
from  time  to  time,  they  will  be  found  to  be  continually  shifted  hy  higdi 
tides  and  storms,  so  that,  though  the  hank  or  bar  of  shingle  retains  its 
place,  its  component  pel)bles  are  being  constantly  moved.  During  gales 
coincident  with  high  tides,  coarse  gravel  may  be  piled  up  considerably 
above  the  ordinary  limit  of  the  waves  in  the  form  of  what  are  termed 
sform-heachesr  Below  the  limit  of  coarse  shingle  upon  the  Ijeach  lies  the 
zone  of  fine  gravel,  and  then  that  of  sand,  the  sediment,  though  liable 
to  irregular  distribution,  yet  tending  to  arrange  itself  according  to 
coarseness  and  specific  gravity,  the  rougher  and  heavier  detritus  lying  at 
the  upper,  and  the  finer  and  lighter  towards  the  lower  edge  of  the  shore. 
The  nature  of  the  littoral  accumulations  on  any  given  part  of  a  coast-liftb 
must  depend  either  upon  the  character  of  the  shore-rocks  which  at  that 
locality  are  broken  up  by  the  waves,  or  upon  the  set  of  the  Bhore» 
currents,  and  the  kind  of  detritus  they  bear  with  them.  Coasts  exposed 
to  heavy  surf,  especially  where  of  a  rocky  character,  are  apt  to  present 
beaches  of  coarse  shingle  between  their  projecting  promontories.  Sheltered 

^  See  on  tins  siilgect  an  iini^ortant  memoir  l)y  Messrs.  Murray  and  Reiiard,  /Vor.  Jiiri/, 
Soc.  Edin.  1884,  and  Mature,  xxx.  (1884)  ;  also  Murray,  Proc.  Itni/,  Sor.  1876  ;  Proc.  Rotf. 
Soc.  Edin.  ix.  ;  Murray  and  Reuard,  Brit.  Ansoc.  1879,  Sects,  p.  340  ;  also  for  the  North 
Atlantic,  ‘Den  Norske  Nordhavs-Expeditioii,’  part  ix.  (on  Oceanic  Deposits),  188‘i.  A. 
Agassiz,  ‘Three  Cruises  of  the  Blake,'  i.  p.  260.  J.  Y.  Buchanan,  Pror.  Jtoi/.  Ror.  Edin. 
xviii.  (1891),  p.  131.  Murray  and  Irvine,  Trans.  Rot/.  Roc.  Edin.  xxxvii.  (1893),  p.  481. 
J.  B.  Harrison  and  A.  J.  Jukes  Browne,  0-  N.  li.  (1895),  p.  313.  But  the  chief 

source  of  information  is  the  great  memoir  on  “Deep-Sea  Deposits”  by  Mcshi-h.  Murray  and 
Renard,  in  the  Reports  of  the  Challenger  Expedition,  1891,  already  cited. 

-  G.  H.  Kiiiahan  on  sea-beaches,  Proc.  Roy.  Irish  Acad.  2nd  ser.  iii.  p.  101. 
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bays,  on  the  other  hand,  where  wave-action  is  comparatively  feeble, 
afford  a  gathering-ground  for  finer  sediment,  such  as  sand  and  mud. 
Estuaries  and  inlets,  into  which  rivers  enter,  frequently  show  wide  muddy 
flats  at  low  water  (p.  510).  Deposits  of  comminuted  shells,  coral-sand,  or 
calcareous  organic  remains  thrown  up  on  shore,  may  be  cemented  into 
compact  rock  by  the  solution  and  redeposit  of  carbonate  of  lime  (p.  624). 
Where  tidal  currents  sweep  along  a  coast  yielding  much  detritus,  long 
bars  or  shoals  may  form  parallel  with  the  shore.  On  these  the  shingle 
and  sand  are  driven  coastwise  in  the  direction  of  the  prevalent  current.^ 
They  not  infrequently  accumulate  as  long  barriers  completely  protecting 
the  shores  from  which  they  are  separated  by  a  channel  or  lagoon  of  fresh 
or  brackish  water  (p.  511).  Into  this  lagoon  sediment  is  washed  from  the 
land  and  aquatic  vegetation  takes  root  there,  until  not  infrequently  a  salt- 
marsh  or  swamp  is  formed.  Extensive  accumulations  of  this  kind  are  to 
be  found  along  the  eastern  coast  of  the  United  States.^ 

Among  the  deposits  cast  ashore  by  the  sea,  not  the  least  interesting 
are  the  masses  of  driftwood  which,  carried  down  by  rivers,  are  boime  by 
marine  currents,  sometimes  for  hundreds  of  miles,  and  thrown  down 
in  huge  accumulations  in  protected  bays.  It  is  in  the  arctic  seas  that 
this  ])henomenon  ol)tains  its  greatest  development.  Prodigious  quantities 
of  terrestrial  vegetation  are  swept  by  the  Siberian  rivers  into  these  waters 
and  are  carried  westwards  until  stranded  in  sheltered  bays  of  the  coast 
and  of  the  islands.  Every  shoal  coast  of  Spitzbergen  presents  examples 
of  these  heaps  of  driftwood.*^ 

Infra-Littoral  and  Deeper-Water  Deposits. — These  extend  from 
below  low-water  mark  to  a  depth  of  sometimes  as  much  as  2000  fathoms, 
and  reach  a  distance  from  land  varying  up  to  200  miles  or  even  more. 
jSTear  land,  and  in  comparatively  shallow  water,  they  consist  of  banks 
or  sheets  of  sand,  more  rarely  mixed  with  gravel.  The  bottom  of  the 
North  Sea,  for  example,  which  between  Britain  and  the  continent  of 
Europe  lies  at  a  depth  never  reaching  100  fathoms,  is  irregularly  marked 
by  long  ridges  of  sand,  enclosing  here  and  there  hollows  where  mud  has 
been  deposited.  In  the  English  Channel,  large  banks  of  gravel  extend 
through  the  Straits  of  Dover  as  far  as  the  entrance  to  the  North  Sea.*^ 
These  features  seem  to  indicate  the  lino  of  the  chief  mud-bearing  streams 
from  the  land,  and  the  general  disposition  of  currents  and  eddies  in  the 

^  See  the  authorities  cited  on  p.  576,  regarding  the  Chesil  Bank,  and  F.  Merrill,  “Barrier- 
heacdies  of  tlie  Atlantic  Coast,”  Pop.  Sc i.  October  1890;  M.  Jellerson,  “Beach 

Cusps,”  Jnuf'H.  frcol.  1900,  p.  237  ;  J.  0.  Branner,  op.  cif.  p.  481. 

-  N.  S.  Slialer  on  sea-coafst  .swamps,  fUh  Ann.  Rep.  U.  S.  (h>ol.  Sure.  1884-85,  p.  3.53. 

•’  Nordeiiskjcdd’K  ‘  Ve(ja  Expedition.’  J^efennan n' s  (Uuxjrnph.  Mlttheil.  Erganziingsheft 
No.  16,  where  a  map  ofthe.se  accumulations  on  tlie  arctic  coasts  is  given. 

For  information  as  to  tlic  English  Channel  and  other  parts  oi'  the  British  seas,  see 
.1.  T.  Harrison,  Min.  Proc.  Jmi.  (Jir.  Eiujin.  vii.  (1848),  p.  327  (where  a  map  of  tlie  submarine 
deposits  will  be  found)  ;  R.  A.  0.  Godwin- Austen,  (ptart.  Journ.  <ncoI.  Soc.  vi.  (1849), 
p.  69 — a  paper  of  singular  interest  and  importance  ;  Lelioiir,  Proc.  (rcol.  Ahsoc.  iv,  p.  158  ; 
John  Murray,  Min.  Proc.  Inuf.  fJir.  Enc/in.  xx.  (1860-01),  where  a  ina])  of  the  North  Sea 
lloor  is  given  which  is  of  great  interest  as  indicating  some  of  the  ancient  terrestrial  features 
of  that  8iil)merge<l  land-surface  ;  W.  H.  Wheeler,  ‘The  Sea-coast,’  1902. 
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sea  which  covers  that  region,  the  gravel  ridges  marking  the  tracts  or 
junctions  of  the  more  rapidly  moving  currents,  while  the  muddy  hollows 
point  to  the  eddies  where  the  fine  sediment  is  permitted  to  settle  on  the 
bottom.  The  more  prominent  features  on  the  floor  of  the  North  8ea, 
however,  are  probably  of  much  older  date  than  the  deposits  now- 
accumulating  there.  Some  of  them  are  doubtless  relics  of  the  time  when 
the  floor  of  that  sea  was  a  broad  terrestrial  plain.  The  Bank, 

for  instance,  is  probably  a  prolongation  of  the  Jurassic  escarpment  of  the 
Yorkshire  coast.  Other  minor  submarine  features  may  be  paiTly  due  to 
irregular  deposition  of  glacial  drift. 

During  the  course  of  the  voyage  of  the  Chalkiu/er,  the  ai)i)roach  to 
land  could  always  be  foretold  from  the  character  of  the  bottotn,  c\x*n  at 
distances  of  150  and  200  miles.  The  deposits  were  found  to  consist  of 
blue  and  green  muds  derived  from  the  degradation  of  older  crystalline 
rocks.  The  blue  or  dark  slate-coloured  mud  takes  its  colour  from  de¬ 
composing  organic  matter  and  sulphide  of  iron,  frequently  giving  off  the 
odour  of  sulphuretted  hydrogen,  and  assuming  a  brown  or  red  hue  at  the 
surface,  owing  to  oxidation.  Besides  occurring  in  deposits  of  de(q>  water, 
iron-disulphide  is  met  with  in  many  shallow  seas,  and  on  some  coasts 
it  cements  sand,  gravel  and  shells  into  a  coherent  mass.^  Th<^  chemical 
changes  that  result  in  the  elimination  of  sulphides  from  sea-wat<n*  may  Ikj 
explained  by  supposing  that  the  decom]:)osing  animal  and  vegetable  matter 
of  the  sea-floor  reduces  the  sulphates  to  sulphides,  which  in  turn  remet  on 
the  iron  and  manganese  minerals  (principally  silicates)  in  the  mud, ' 
forming  sulphides  of  those  metals.  Su])scqucntly  the  oxygen  of  the  water 
converts  the  sulphides  to  oxides,  which  gather  into  concretionary  fonris.^ 
The  green  muds  found  at  depths  of  100  to  700  fathoms  are  characterised 
by  the  presence  of  a  considerable  quantity  of  glauconite  grains,  either 
isolated  or  united  into  concretions,  and  frequently  filling  the  chambers  of 
Foraminifera  or  other  organisms.  Kouiid  volcanic  islands,  the  1  bottom  is 
covered  with  grey  volcanic  mud  and  sand  derived  from  the  deg;radation 
of  volcanic  rocks.  These  deposits  can  ])e  traced  to  great  distances  ;  from 
Hawaii  they  extend  for  200  miles  or  more.  Pieces  of  i)nT!ucc,  scoria, 
&c.,  occur  in  them,  mingled  with  marine  organisms,  and  more  particularly 

^  H.  Reuscli,  JS^enes  Jahrb.  1879,  ]>.  255. 

J.  \.  Buchanan,  Brit.  Assoc.  1881,  p,  584.  Mr.  Biuiluiuan,  hi  renewing  this  ijiven- 
tigation  and  obtaining  many  illustrations  from  the  seas  around  Scotland,  has  shown  that  tha 
mud  on  many  parts  ot  the  sea-bottoui  is  lieing  continually  passed  and  repassed  through  the 
bodies  of  animals  which  live  upon  it.  The  mineral  matter  is  thus  brouglii  in  contact  witli 
the  01  gallic  secretions  of  the  animals  and  is  ground  u})  with  these  in  their  milling  organs. 
The  reducing  action  of  the  secretions  produces,  Mr.  Buchanan  l>elieves,  suli>hideH  from  the 
sulphates  of  sea-water,  and  these  sulphides,  acting  on  the  ochreous  matter  of  the  Ix^tloin,  give 
rise  to  sulphides  of  iron  and  manganese,  whicli,  being  very  unstable  in  presence  of  water  ami 
oxygen,  are,  where  they  lie  on  the  surface,  soon  transformed  into  oxides,  /bv^r.  /lot/, 

Ldin.  xviii.  (1890),  p.  17,  “On  the  Occurrence  of  Sulphur  in  Marine  Muds,”  The.  Blue  mud 
on  exposure  rapidly  turns  yellow  from  oxidation,  but  the  upper  oxidised  layer  appears  to 
protect  the  mud  below,  which  retains  its  colour  and  composition.  Another  view  of  the  de¬ 
composition  of  the  sulphates  of  sea- water  is  proposed  by  Sir  John  Murray  and  jVIr.  Irvine. 
posted,  p.  613,  and  paper  there  quoted. 
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with  abundant  grains,  incrustations  and  nodules  of  an  earthy  peroxide 
of  manganese  (Fig.  179).  E’ear  coral-reefs  the  sea-floor  is  covered  with 
a  white  calcareous  mud  derived  from  the  abrasion  of  coral,  and  frequently 
containing  95  per  cent  of  carbonate  of  lime.  Beyond  a  depth  of  1000 
fathoms,  coral  mud  gives  place  to  a  Glolhgerina  ooze  or  red  clay.  The 
east  coast  of  South  America  supplies  a  peculiar  red  mud  which  is  spread 
over  the  Atlantic  slope  down  to  depths  of  more  than  2000  fathoms. 

Throughout  these  land-derived  sediments  are  found  minute  particles 
of  recognisable  minerals.  Of  these,  quartz,  often  in  rounded  grains,  plays 
the  chief  part.  Next  comes  mica,  felspar,  augite,  hornblende  and  other 
less  abundant  constituents  of  terrestrial  rocks,  the  materials  becoming 
coarser  towards  land.  Occasional  pieces  of  wood,  portions  of  fruits,  and 
leaves  of  trees  in  the  same  deposits  further  indicate  the  reality  of  the 
transport  of  material  from  the  land.  Shells  of  pteropods,,  larval  gastero¬ 
poda,  and  lamellibranchs  are  tolerably  abundant  in  these  muds,  with 
many  infra-littoral  species  of  Fomminifera^  and  diatoms.  Below  1500  or 
1700  fathoms,  pteropod  shells  seldom  appear,  while  at  3000  fathoms 
hardly  a  foraminifer  or  any  calcareous  organism  remains.^ 

In  some  regions  vast  quantities  of  terrestrial  vegetation  are  strewn 
over  the  sea-bottom,  even  at  depths  of  2000  fathoms,  and  at  distances 
of  several  hundred  miles  from  land.  This  fact  has  l)een  observed  by 
Professor  Agassiz  off  Central  America,  both  in  the  Atlantic  and  Pacific 
Oceans,  hardly  a  single  haul  of  the  dredge  failing  to  bring  up  much  vege¬ 
table  matter,  and  frequently  logs,  branches,  twigs,  seeds,  leaves  and  fruits.- 

B.  Abysmal  or  Felagio."'^ — Passing  over  at  present  the  organic  deposits 
which  form  so  characteristic  a  feature  on  the  floor  of  the  deeper  and  more 
open  parts  of  the  ocean,  we  come  to  certain  red  and  grey  clays  found  at 
depths  of  more  than  2000  fathoms,  down  to  the  bottoms  of  the  deepest 
abysses.  These,  by  far  the  most  widespread  of  oceanic  deposits,^  consist 
of  exceedingly  fine  clay,  coloured  sometimes  red  by  iron-oxide,  sometimes 
of  a  chocolate  tint  from  manganese  oxide,  with  grains  of  augite,  felspar, 
and  other  volcanic  minerals,  pieces  of  palagonite  and  pumice,  nodules 
of  peroxide  of  manganese,  and  other  mineral  substances,  together  with 
Fomtniiiifmi ,  and  in  some  regions  a  large  proportion  of  siliceous  Puidiolaria. 
These  clays  result  from  the  decomposition  of  pumice  and  fine  volcanic 
dust,  transported  from  volcanic  islands  into  mid -ocean,  or  from  the 
accumulation  of  the  detritus  of  submarine  eruptions.  The  extreme 
slowness  of  deposit  is  strikingly  brought  out  in  the  tracts  of  sea-floor 
farthest  removed  from  land.  From  these  localities  great  numbers  of 

^  See  papers  Vjy  Messrs.  Murray  and  Renard,  quoted  on  p.  580,  and  vol.  of  Challenger 
licporl  on  “Deep-Sea  Deposits,”  p.  190. 

-  ‘Three  Cruises  of  the  Blake, ^  and  Bidl.  M-uti.  Comp.  Zool.  xxiii.  Ko.  1  (1892),  p.  11. 

’*  For  inforniation  regarding  the  fauna  and  deposits  of  the  ocean-ahy.sses,  the  works 
quoted  on  j).  680  may  he  consulted  ;  also  various  writings  of  Profe.ssor  A.  Agassiz,  besides 
liis  ‘Three  Cruises  of  the  Blake,'  especially  papers  in  Ball.  Man.  Comp,  Zool.  xxi.  No.  4, 
and  xxxiii.  No.  1  ;  and  IlaeckeTs  ‘  Plankton-Studien,’  1890. 

They  are  estimated  to  cover  upwards  of  50,000,000  square  miles  of  the  sea-tloor. 
Murray  and  Irvine,  Pruc.  Roy.  Soc.  Ldin.  xvii.  (1889),  p.  82. 
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sharks’  teeth,  irith  ear-bones  and  other  bones  of  whales,  were  dredged 
up  in  the  Challniger  Expedition, — some  of  them  quite  fresh,  others 


a 

Fig.  177.— Magnetic  Spherules  (Cosmic  Dust)  of  the  oceaii-ljottciu.  (Murray  ami  Ihuianl.) 
a,  Black  spherule  with  metallic  centre  (inagnifieil  GO  <liameters)  from  a  <l(‘])th  of  •J.”.7r)  fatlumis  in  South 
Pacitic.  This  represents  the  common  form  of  those  particles,  and  shows  the  usual  depression  on 
one  part  of  the  surface.  There  is  a  histn.us  crust  of  magnetite  outside. 

Similar  spherule  (GO  diam.)  from  which  the  eriist  of  magnetic  ox’uh^  has  Ixnm  hrokfui  olf  to  h1u)W  the 
inner  metidlic  nucleus,  here  represented  by  the  central  lighter  ])art.  31.'>0  fathoms  in  tin;  Atlantic. 

partially  crusted  with  jieroxide  of  manganese,  and  some  wholly  and 
thickly  surrounded  with  that  snhstance.  We  cannot  suppose  that  sliarks 

and  whales  so  a])Ouride(l  in  thci  sea  at 
one  time  as  to  cover  the  lioor  f>f  the 
ocean  with  a  continuous  stratum  of 
their  remains.  No  doubt  each  haul  of 
the  dredge,  which  brought  up  so  many 
bones,  represented  the  dropiiings  of 
many  geneiations.  *  The  smteessivo 
stages  of  manganese  incrustation  ])oint 
to  a  long,  slow,  undisturlied  period, 
when  so  little  sediment  accumulated 
that  the  bones  dropped  at  the  beginning 
remained  at  the  end  still  uncovered,  or 
only  so  slightly  covered  as  to  be  easily 
scraped  up  by  the  dredge.  In  these 
Fig.  i.s.—Ldu)udre  (Cosuiic  Dust)  (.f  the  ocean-  (deposits,  moreovcr,  occui*  iiumei'ous 

bottom.  (.Murray  ami  Reiiard.)  A  ^  ,  » 

'Spherule  of  (,u.a(r.  a  dhuo.)  Hhorviug  mmixte  spherukr  particles  of  inetalhc 

the  aspect  Of  the  choiidres  found  in  the  irOll  aild  chotldreS,”  Or  Sphcncal 

«  abysmal  dejiosits.  From  a  depth  of  3500  internally  radiated  partich‘s  referred 

fathoms,  Paeilic.  ,  ,  .  i  •  i  -  i,  i 

to  bronzite,  winch  are  in  all  prolia- 
bility  of  cosmic  origin — portions  of  the  dust  of  meteorites  which  in  the 
course  of  ages  have  fallen  upon  the  sea-bottom  (Figs.  177,  178).  Such 
particles,  no  doubt,  fall  all  over  the  ocean;  but  it  is  only  on  those  parts 
of  the  bottom  which,  by  reason  of  their  distance  from  any  land,  receive 
accessions  of  deposit  with  extreme  slowness — and  whei'e  thet'cfore  the 
present  surface  may  contain  the  dust  of  a  long  succession  of  years— that 
it  may  he  expected  to  he  possilde  to  detect  them.^ 

^  Murray  and  Renard  oii  co.sinic  dust,  Proc.  Roy.  Roc.  Ed  la.  1884  ;  Nature^  xxi.\'. ; 
Challenger  E.rjpedltlon  Report^  vol.  on  “Deep-Sea  Dejiosits,”  p.  327  eJ.  set/. 
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The  abundant  deposit  of  peroxide  of  manganese  over  the  floor  of  the 
deep  sea  is  one  of  the  most  singular  features  of  recent  discovery.  It 
occurs  as  an  earthy  incrustation  round  bits  of  pumice,  bones  and  other 
ol)jects  (Fig.  1 79).  The  nodules  possess  a  concentric  arrangement  of 
lines  not  unlike  those  of  urinary  calculi.  That  they  are  formed  on  the 
spot,  and  not  drifted  from  a  distance,  was  made  abundantly  clear  from 
their  containing  abysmal  organisms,  and  enclosing  more  or  less  of  the 
surrounding  bottom,  whatever  its  nature  might  happen  to  be.  More 
recently  Mr.  J.  Y.  Buchanan  dredged  similar  small  manganese  concretions 
from  some  of  the  deeper  parts  of  Loch  Fyne,^  and  subsequently  Sir  J ohn 


Fijr.  179.-— Maagauti.se  Nodules;  Moor  of  the  North  Pacific.  Two-thirds  natural  siztu- 
A,  Nodule  from  2900  fathoms  showing  external  form.  B,  Section  of  nodule  from  2740  fathoms  showing 
internal  concentric  deposit  round  a  fragnimit  of  pumice. 


Murray  found  them  abundantly  at  10  fathoms  in  the  Firth  of  Clyde. 
The  materials  of  such  concretions  are  probably  derived  from  the  decom¬ 
position  of  the  detritus  of  the  more  basic  volcanic  rocks  and  minerals  so 
abundantly  diffused  over  the  ocean,  and  the  formation  of  the  concretions 
nmy  be  analogous  to  the  solution  and  deposition  of  oxides  of  iron  and 
manganese  by  organic  acids,  as  on  lake-floors,  bogs,  ifec.  (p.  612).^  In 
connection  with  the  chemical  reactions  indicated  by  these  nodules  as 
taking  place  on  the  sea-bottom,  further  reference  may  be  made  here  to 
the  still  more  remarkable  discovery  of  Messrs.  Murray  and  Benard 
in  the  course  of  their  examinations  of  -the  materials  brought  up  from 
the  same  abysmal  deposits.  Minute  crystals,  simple,  twinned,  or  in 

*  xviii.  (1878),  p.  628.  IklL,  Assoc.,  1881,  p.  583.  Proc.  lioij,  Soe.  Edin.  ix. 

p.  287.  Tritns.il.  8.  Edin.  xxxvi.  (1891),  p.  459.  Dieulafait,  CJomjdrs  rend.  1884,  i).  589. 

-  9'hese  and  Fig.  178  are  taken  from  Plate  xxxiii.  of  the  vol.  on  “  Deep-Sea  Deposits  ”  in 
the  Jte/wrts  of  the  (Jhcdlenger  Expedition.  Tlie  detailed  itive.stigation  by  Messrs.  Murray 
and  Reiiard  of  tlie  deep-sea  deposits  obtained  by  this  expedition  forms  the  nio.st  important 
contrihution  yet  made  to  our  knowledge  of  the  oceanic  abysses. 

Different  views  have  been  exi>ressed  by  Sir  John  Murray  and  Mr.  J.  Y.  Buchanan  as 
to  the  mode  of  origin  of  the  marine  manganese  deposits.  See  R.  Irvine  and  J.  Gibson, 
Froe.  Roy.  8oc.  Edin.  xviii.  (1891),  p.  54. 
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spheroidcal  groups,  which  occur  abundantly  in  the  typical  red  clay-  of 
the  central  Pacific,  have  been  identified  -with  the  zeolite  known  as 
phillipsite.  These  crystals  have  certainly  been  formed  directly  on  the 
sea-bottom,  for  they  are  found  gathered  round  abysmal  organisms,^ and 
their  production  has  been  effected  at  about  the  temperature  of  32  hahr. 
They  occur  in  regions  where  detritus  of  basalt  and  palagoniteis  abundant, 
and  they  have  probably  been  formed  by  a  series  of  transformations 
similar  to  those  by  which  jzeolites  have  been  pi'oduced  so  abundantly 
among  basaltic  rocks  on  land.  Some  examples  of  red  clays  dredged  up 
between  the  Society  and  Sandwich  Islands  were  found  to  contiin  between 
20  and  30  per  cent  of  the  minerald  The  importance  of  these  facts  in 
reference  to  the  chemistry  of  marine  deposits  is  at  once  obvious. 

From  a  comparison  of  the  results  of  the  dredgings  made  in  rccfuit 
years  in  all  parts  of  the  oceans,  it  is  impossilde  to  resist  the  conclusion 
that  there  is  little  in  the  character  of  the  deep-sea  deposits  whicdi  finds 
a  parallel  among  the  marine  geological  formations  visible  to  us  on  land. 
It  is  only  among  the  comparatively  shallow- water  aecurnuhitions  of  the 
existing  sea  that  we  encounter  obvious  analogies  to  the  older  forniations. 
And  thus  we  reach,  by  another  and  a  new  approach,  the  conclusion 
which  on  other  and  very  different  grounds  has  boon  Jirrivcnl  at,  viz.^ 
that  the  present  continental  axes  have  existed  finm  the  remotest  tirnee, 
and  that  the  marine  strata  which  constitute  so  large  a  jxjrtion  of  their 
present  mass  have  been  accumulated  not  as  deep-water  deposits,  but  in 
comparatively  shallow  water  along  their  flanks  or  over  their  Hu])m urged 
ridges.- 

§  7.  Denudation  and  Dkposition.-—T1ig  results  of  the  action  of 
Air  and  Water  upon  Land.-^ 

It  may  he  of  advantage,  before  passing  from  the  subjhict  of  the 
geological  work  of  water,  to  consider  the  Imoad  results  achieved  l)y  the 
co-operation  of  all  the  inorganic  forces  hy  which  the  surface  of  tluj  land 
is  worn  down.  These  results  naturally  group  themselves  under  the  two 
heads  of  Denudation  and  Deposition. 

1.  Siihaerial  Denudation — the  (jeneml  Ununimj  of  land. 

The  true  measure  of  denudation  is  to  l)e  sought  in  the  amount  of 
mineral  matter  removed  from  the  surface  of  the  land  and  eairied  into 
the  sea.  This  is  an  appreciable  and  measural^le  quantity.  Tluu'e  may 
he  room  for  discussion  as  to  the  way  in  which  the  waste  is  to  he 

^  “Deep-Sea  Deposits,”  pp.  400-410. 

-  Proc.  Roy,  Gmrj .  Soc.  July  1879. 

This  section  is  mainly  taken  from  an  essay  by  tlu*  uutlior,  Trunn,  (ietil,  Soc,  (R(ch(jov\ 
iii.  p.  lt)3.  Tile  subject  lias  been  (liaciissed  anew  on  the  ))a.si.s  of  more  exfuii  kii(»wIf*(lKe  of 
tlie  interior  of  the  continents  and  the  depths  of  the  sea  ))y  Sii-  John  Murray,  Araifinh 
OeograiJh.  Jfug.  18S7.  See  aho  a  note  by  Dr.  0.  Davison,  (/on/.  Motj.  IgSU,  p.  409.  A. 
De  Lappareiit,  Soc.  f/eoL  France,  xviii,  (1890),  p.  3.M. 
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apportioned  to  the  different  forces  that  have  produced  it,  but  the  total 
amount  of  sea-borne  detritus  must  be  accepted  as  a  fact  about  which, 
vi^hen  properly  verified,  no  further  question  can  possibly  arise.  In  this 
manner  the  subject  is  at  once  disencumbered  of  difticulty  in  fixing  the 
relative  importance  of  rain,  rivers,  frost,  glaciers,  &c.,  considered  as 
denuding  agents.  We  have  simply  to  deal  with  the  sum-total  of  results 
achieved  by  all  these  forces  acting  severally  and  conjointly.  Thus 
considered,  this  subject  casts  a  new  light  on  the  origin  of  existing  land- 
surfaces,  and  affords  some  fresh  data  for  approximating  to  a  measure  of 
past  geological  time. 

Of  the  mineral  substances  received  by  the  sea  fi*om  the  land,  by  much 
the  larger  portion  is  brought  down  by  streams ;  a  relatively  small 
amount  is  washed  off  by  the  waves  of  the  sea  itself.  It  is  the  former, 
or  stream-borne  part,  which  is  at  present  to  be  considered.  The 
cpiantity  of  mineral  matter  carried  every  year  into  the  ocean  by  the 
rivers  of  a  continent  represents  the  amount  by  which  the  general  surface 
of  that  continent  is  annually  lowered.  Much  has  been  written  of  the 
vastness  of  the  yearly  tribute  of  silt  borne  to  the  ocean  by  such  streams 
as  the  Ganges  and  Mississippi ;  but  “  the  mere  consideration  of  the 
number  of  cul^ic  feet  of  detritus  annually  removed  from  any  tract  of 
land  by  its  rivers  does  not  produce  so  striking  an  impression  upon  the 
mind  as  the  statement  of  how  much  the  mean  surface-level  of  the 
district  in  question  would  be  reduced  by  such  a  removal.”  ^  This 
method  of  inquiry  is  so  obvious  and  instructive  that  it  probably  received 
attention  from  early  geologists,  though  data  were  still  wanting  for  its 
proper  application.  Playfair,  for  instance,  in  speaking  of  the  trans¬ 
ference  of  material  from  the  surface  of  the  land  to  the  bottom  of  the  sea, 
remarks  that  ‘Hhe  time  requisite  for  taking  away  by  waste  and  erosion 
2  feet  from  the  surface  of  all  our  continents  and  depositing  it  at  the 
bottom  of  the  sea  cannot  be  reckoned  less  than  two  hundred  years.”  ^ 
This  estimate  does  not  appear  to  have  been  based  on  any  actual  measure¬ 
ments,  and  must  greatly  exceed  the  truth ;  but  it  serves  to  indicate  how 
broad  was  the  view  that  Playfair  held  of  the  theory  which  he  undertook 
to  illustrate.  The  first  geologist  who  appears  to  have  attempted  to 
form  any  estimate  on  this  subject  from  actually  ascertained  data,  was  Mr. 
Alfred  Tylor,  who  in  the  year  1850  published  a  paper  in  which  he 
estimated  the  probalde  amount  of  solid  matter  annually  brought  into  the 
ocean  by  rivers  and  other  agents.  He  inferred  that  the  quantity  of 
detritus  now  distributed  over  the  sea-bottom  every  year  would,  at  the 
end  of  10,000  years,  cause  an  elevation  of  the  ocean-level  to  the  extent 
of  at  least  3  inches.'^  The  subject  was  afterwards  taken  up  by  Croll, 

^  Tylor,  iVr/7.  Ahif/.  4tli  .series,  v.  (1850),  p.  268. 

‘Illustrations,’  p.  424.  Manfredi  had  previously  made  a  calculation  of  the  amount 
of  rain  that  falls  over  the  glohe,  and  of  the  quantity  of  earthy  matter  caiTied  into  the  sea 
hy  rivers.  He  estimated  that  this  earthy  matter  distributed  over  the  sea-bed  must  raise  the 
level  of  tlie  latter  five  inches  in  348  years.  Von  Hoff,  ‘  Veriiiideruiigen  der  Erdoberfliiche,’ 
Band  i.  p.  232.  See  the  other  authorities  tliere  cited. 

Phil.  M(Uf.  loc.  cit. 
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who  specially  drew  attention  to  tlie  Mississippi  as  a  measure  of  denuda¬ 
tion  and  thereby  of  geological  time.^ 

When  the  annual  discharge  of  mineral  matter  carried  seaward  hy  a 
river,  and  the  area  of  country  drained  hy  that  river,  are  both  known,  the 
one  sum  divided  by  the  other  gives  the  amount  by  which  the  drainage- 
area  has  its  mean  general  level  reduced  in  one  year.  For  it  is  clear  that 
if  a  river  carries  so  many  millions  of  cubic  feet  of  sediment  every  year 
into  the  sea,  the  area  drained  by  it  must  have  lost  that  quantity  of  solid 
material ;  and  if  we  could  restore  the  sediment  so  as  to  spread  it  over  the 
basin,  the  layer  so  laid  down  would  represent  the  fraction  of  a  foot  by 
which  the  surface  of  the  basin  had  been  lowered  during  a  year. 

It  has  been  already  shown  that  the  material  removed  from  the  land 
by  streams  is  twofold — one  portion  is  chemically  dissolved,  the  other  is 
mechanically  suspended  in  the  water  or  pushed  along  the  l)ottom. 
Properly  to  estimate  the  loss  sustained  ])y  the  surface  of  a  drainage- 
basin,  we  ought  to  know  the  amount  of  mineral  matter  removed  in  each 
of  these  conditions,  and  also  the  volume  of  water  discharged,  from 
measurements  and  estimates  made  at  different  seasons  and  extending 
over  a  succession  of  years.  These  data  have  not  yet  been  fully  collectcfl 
from  any  river,  though  some  of  them  have  l)een  ascej*taincd  with 
approximate  accuracy,  as  in  the  Mississippi  Siirxey  of  Messrs.  Hum¬ 
phreys  and  Abbot,  and  the  Danube  Survey  of  the  International  (Com¬ 
mission.  As  a  rule,  more  attention  has  been  shown  to  the  amount  of 
mechanically  suspended  matter  than  to  that  of  the  other  ingredients. 
It  will  be  borne  in  mind,  therefore,  that  the  following  e.stimates,  in  so 
far  as  they  are  based  upon  only  one  portion  of  the  waste  of  the  land 
— that  carried  in  mechanical  suspension, — arc  understatements  of  tlie 
truth,- 

The  proportion  of  mineral  substances  held  in  suspensir)n  in  the  water  of 
rivers  has  been  already  (pp.  490-4-96)  discussed.  It  is  most  advaritegeous 
to  determine  the  amount  of  mineral  matter  hy  weight,  and  then  from  its 
average  specific  gravity  to  estimate  its  bulk  as  an  ingredient  in  river- 
water.  The  proportion  by  weight  is  probably,  on  an  aver-age,  about  half 
that  by  bulk. 

It  may  seem  superfluous  to  insist  that  the  earthy  matter  borne  into 
the  sea  from  any  given  area  represents  so  much  actual  loss  from  the 
surface  of  that  area.  Yet  this  self-evident  statement  is  pro])ahly  not 
realised  hy  many  geologists  to  the  extent  which  it  (leserves.  If  a 
stream  removes  in  one  year  one  million  of  cubic  yards  of  earth  from  its 


'  Phil  Miuj.  for  February  1867  and  May  1868  ;  and  liin  ‘Climate  and  TunN  Heo  nho 
Miuj.  June  1868  ;  Trmis.  Soc.  fpasf/ow,  iii.  ]>. 

^  -  Geologists  are  largely  indebted  to  Mr.  Mellard  Reade  for  tlie  attention  which  lie  lias 
given  to  the  important  part  iilayed  by  chemical  Holution  in  the  gmieral  deinidation  of  the 
land.  From  the  data  collected  by  him  he  infers,  as  the  jiroportion  of  .solids  in  solntion  in 
the  water  of  the  Mis.sissippi  is  by  weiglit,  about  150  millionH  of  tons  of  dissolved 
mineral  must  be  carried  by  this  river  aninially  into  the  sea.  In  the  River  Plate  the  propor¬ 
tion  IS  iTiViT,  ill  the  St.  Lawrence  in  tlie  Amazon  J*residcntial  Address, 

Liverpool  Geol.  Soc.  1884.  ^ 
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drainage-basin,  that  basin  must  have  lost  one  million  of  cubic  yards 
from  its  surface.  From  the  data  and  authorities  which  have  already 
been  adduced  (p.  494),  the  subjoined  table  has  been  constructed,  in 
which  are  given  Ihe  results  of  the  measurement  of  the  proportion  of 
sediment  in  a  few  rivers.  The  last  column  shows  the  fraction  of  a  foot 
of  rock  (reckoning  the  specific  gravity  of  the  silt  at  1  *9  and  that  of  rock 
at  2*5)  which  each  river  must  remove  from  the  general  surface  of  its 
drainage-basin  in  one  year. 


Name  of  Rive‘r. 


j  Fraction  of  foot  of 

Area  of  basin  in  '  Annual  discharge  of  rock  by  which  the 

sf^uare  miles.  sediment  in  cubic  feet.  area  of  drairiage.  i.s 

lowered  in  one  year. 


Mis.sissippi  ,  1,147,000 

Ganges  (Upper)  .  ^  143,000 

Hoang  Ho  .  .  700,000 

Rli&ne  .  .  25,000 

Danube  .  .  ,  234,000 

Po  .  .  .  30,000 


7,468,694,400 

tfirVo 

6,368,077,440 

a 

17, 520,000, 000(?) 

1 4 

600,381,800 

itVi' 

1,253,738,600 

ifS^TTr 

1,510,137,000 

At  the  present  rate  of  erosion,  the  rivers  named  in  this  table  remove 
one  foot  of  rock  from  the  general  surface  of  their  basins  in  the  following 
ratio  : — The  Mississippi  removes  one  foot  in  6000  years  ;  the  Ganges 
above  Ghazipur  does  the  same  in  823  years  the  Hoang  Ho  in  1464 
years  ;  the  Ehone  in  1528  years;  the  Danube  in  6846  years  ;  the  Po  in 
729  years.  If  these  rates  should  contipue,  the  Mississippi  basin  will  be 
lowered  10  feet  in  60,000  years,  100  feet  in  600,000  years,  1000  feet  in 
6,000,000.  .  Assuming  Humboldt's  estimate  of  the  mean  height  of  the 
North  American  continent,  748  feet,^  we  find  that  at  the  Mississippi’s 
rate  of  denudation,  this  continent  would  be  worn  away  in  about  four 
and  a  half  million  years.  The  Ganges  works  still  more  rapidly.  It 
remo\'’es  one  foot  of  rock  in  823  years,  and  if  Humboldt's  estimate  of  the 
average  height  of  the  Asiatic  continent  be  accepted,  viz.,  1132  English 
feet,  that  mass  of  land,  worn  down  at  the  rate  at  which  the  Ganges 
destroys  it,  would  be  reduced  to  the  sea-level  in  little  more  than  930,000 
years.  Still  more  remarkable  is  the  extent  to  which  the  ri\'er  Po 
denudes  its  area  of  drainage.  Even  though  measurements  had  not  l)een 
made  of  the  ratio  of  sediment  contained  in  its  water,  we  should  be 
prepared  to  find  that  proportion  a  remarkably  large  one,  if  we  look  at 
the  enormous  changes  which,  within  historic  times,  have  been  made 

1  fn  my  original  paper  the  area  of  drainage  of  the  Ganges  was  given  as  432,480  .square 
miles.  But  the  area  from  which  the  annual  discharge  of  .silt  was  there  given  wa.s  only  that 
jmrt  of  the  Gangetic  basin  above  Ghazipur,  which  Dr.  Haiighlon  e.stiniated  at  143,000  sciuare 
miles  {Proc.  Roy.  BuUin-  Soc.  1879,  No.  xxxix.).  Hence,  as  he  pointed  out,  the  rate  of 
erosion  is  really  much  greater  than  I  had  made  it.  1  have  recalculated  the  rate  from  the 
altered  data,  and  the  re.sult  is  as  given  above. 

Ante.,  pp.  48,  49,  where  other  and  more  reliable  estimate.s  of  the  mean  heights  of  the 
continents  are  given.  But  as  tlie  iiuniber.s  do  not  affect  the  argument,  those  originally 
assumed  are  here  retained. 
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by  tbe  alluvial  accumulations  of  this  river  (pp.  oOG,  r  ^ 

removes  one  foot  of  rock  from  its  drainage  basin  in  IVJ  yoiir*^**  ^ 

that  basin  10  feet  in  7290  years,  100  feet  in  72,900  ^  ^mI  y 

of  Europe  (taken  at  a  mean  height  of  671  feet)  were  \ 

same  rate,  it  would  be  levelled  in  rather  less  than  half  it 
It  is  not  pretended  that  these  results  are  Htritdiy 
other  hand,  they  are  not  mere  guesses,  llie  amount  of  ^ 

into  the  sea,  and  the  annual  discharge  of  sediment,  hiiva  S** 
case  measured  with  greater^ or  less  precision.  The  itrieas 
may  perhaps  require  to  be  increased  or  les.sened.  Bttt  tl  ^  ^ 


5  '  r  t-fA'l 


may  perhaps  require  to  be  increased  or  leB.sem‘d.  ^  ' 

change  may  be  made  upon  the  ultimate  results  ju.st  givcni^  ^ 
possible  to  consider  them  attentively  without  being  forces  1  tci 
those  enormous  periods  which  geologists  have  been  in 
demanding  for  the  accomplishment  of  geological  phenoinariii^*^  ^  1^^  I 

especially  for  the  very  phenomena  of  denudation,  are  not  in 
too  vast.  If  the  Mississippi  is  carrying  on  the  process  of 
rapidly  that  at  the  same  rate  the  whole  of  Nortli  AmerivM  "  [ 

levelled  in  four  and  a  half  millions  of  years,  surely  it  in 
sophical  to  demand  unlimited  ages  for  similar  but  often 
tensive  denudations  in  the  geological  past.  Moreover,  thi**  ^  ; 

•erosion  appears,  on  the  whole,  to  he  rather  helow  the  average  ii<  '  / 

rapidity.  The  Po,  for  instance,  works  more  than  eight  tinio 
But  as  the  physics  of  the  Mississippi  have  lieen  more  car  ofuII>'  •  ‘ 
than  those  of  perhaps  any  other  river,  and  as  that  river  drjif>*  ’  ®  ■' 

tensive  a  region,  embracing  so  many  varieties  of  cliinato,  rock,  .*2“’* 
we  shall  probably  not  exaggerate  the  result  if  we  assume  the  M  «•»*  y 
■ratio  as  an  average. ^  It  is,  of  course,  obvious  that  as  tho  l<sv«'l  ‘  ’ 
land  is  lowered,  the  rate  of  subaerial  denudation  decreases,  so  that  ”  ’  ' 
supposition  that  no  subterranean  movements  took  jdacc  to  ai<l  <»*  *' 
the  denudation,  the  last  stages  in  the  demolition  Of  a  continent 
enormously  slower  than  during  earlier  periods. 

It  must  not  he  forgotten,  however,  that,  as  already  remark 
estimates  here  given,  inasmuch  as  they  are  based  only  on  the 
removed  in  mechanical  suspension,  are  probably  understatenicritft 
truth.  If  we  take  into  account  also  the  material  carried  away  in 
solution,  the  rate  of  subaerial  denudation  will  be  considerably  heiglit-  ^ 

It  is  difficult,  however,  to  apportion  the  loss  of  dissolved  substene#"* 
the  surface  of  the  land.  The  salts  contained  in  solution  in  rivei* 
are  derived  not  only  fr«m  the  superficial  rocks,  but  probably  to  1# 

greater  extent  from  springs  which  sometimes  carry  up  dissolved  subBt 
from  considerable  depths.  In  the  end,  no  doubt,  as  the  level  of  thi^ 
is  reduced  by  subaerial  waste,  this  subterranean  solution  will  tell,  I#tit  #l 
can  hardly  he  said  sensibly  to  affect  the  lowering  of  the  level  frouri  *  » 

turj  to  century.  Mr.  Mellard  Reade,  from  his  researches  into  thiw 
ject,  believes  that  the  amount  of  solids  in  solution  is  on  the  wliolo 

1  Dr.  Davison  (in  tlie  paper  cited  on  p.  586)  states  tliat  the  annual  rata  of 
tion  miglit  he  taken  from  the  average  of  the  river-hasins  in  the  fable  above,  incliidiug’  Iff 
of  the  Rhone  and  the  Mth,  giving  a  mean  of  one  foot  in  every  2409  years. 
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one-third  of  that  of  those  in  suspension.  He  finds  this  to  be  the  ratio  in 
the  Nile,  the  Danube  and  the  Mississippi,  the  last-named  being  in  many 
respects  a  typical  river.  If,  as  he  proposes,  we  add  this  additional  loss 
by  chemical  solution  to  the  amount  of  material  removed  in  mechanical 
suspension  from  the  Mississippi  basin,  the  annual  lowering  of  the  level  of 
the  basin  will  he  raised  from  to  xrVs’  ^  foot.^  It  is  quite  true 
that  the  loss  of  mineral  matter  from  the  whole  basin  would  be  equivalent 
to  that  sum,  but  there  would  obviously  not  be  strictly  a  lowering  of  the 
level  of  the  basin  to  that  amount.  It  is  difficult  to  see  how  we  are  to 
discriminate  between  superficial  and  subterranean  solution;  and  until 
some  separation  of  this  kind  is  made,  it  seems  hardly  legitimate  to  class 
the  whole  of  the  dissolved  matter  with  that  carried  in  mechanical  suspen¬ 
sion  as  a  measure  of  the  annual  loss  from  the  surface  of  the  land. 

There  is  another  point  of  view  from  which  a  geologist  may  advan¬ 
tageously  contemplate  the  active  denudation  of  a  country.  He  may 
estimate  the  annual  rainfall  and  the  proportion  of  water  which  returns 
to  the  sea.  If  he  can  obtain  a  probable  average  ratio  for  the  earthy  sub¬ 
stances  contained  in  the  river-water  which  enters  the  sea,  he  will  be  able 
to  estimate  the  mean  amount  of  loss  sustained  by  the  whole  country. 
Thus,  taking  the  average  rainfall  of  the  British  Islands  at  36  inches 
annually,  and  the  superficial  area  over  which  this  rain  is  discharged  at 
120,000  square  miles,  then  it  will  be  found  that  the  total  quantity  of 
rain  received  in  one  year  by  the  British  Isles  is  equal  to  about  68  cubic 
miles  of  water.  If  the  proportion  of  rainfall  returned  to  the  sea  by 
streams  be  taken  at  a  third,  there  are  23  cubic  miles ;  if  at  a  fourth, 
there  are  17  cubic  miles  of  fresh  water  sent  off  the  surface  of  the  British 
Islands  into  the  sea  in  one  year.  Assuming,  in  the  next  place,  that  the 
average  ratio  of  mechanical  impurities  is  only  by  volume  of  the 

water,  the  proportion  of  the  rainfall  returned  to  the  sea  being  I,  then  it 
will  follow  that  of  a  foot  of  rock  is  removed  from  the  general 

surface  of  Britain  every  year.  One  foot  will  be  planed  away  in  8800 
years.  If  the  mean  height  of  the  British  Islands  be  taken  at  650  feet, 
then,  if  the  ratio  now  assumed  were  to  continue,  these  islands  might  he 
levelled  in  about  five  and  a  half  millions  of  years.  Much  more  detailed 
observation  is  needed  before  any  estimate  of  this  kind  can  be  based  upon 
accurate  and  reliable  data.  But  it  illustrates  a  method  of  vividly  bring¬ 
ing  before  the  mind  the  reality  and  extent  of  the  denudation  now  in 
progress. 

2.  Suhaerial  Demidation — the  unequal  ^eromn  of  land. 

It  is  obvious  that  the  earthy  matter  annually  removed  from  the 
surface  of  the  land  does  not  come  equally  from  the  whole  surface.  The 
determination  of  its  total  quantity  furnishes  no  aid  in  apportioning  the 
loss,  or  in  ascertaining  how  much  each  part  of  the  surface  has  contributed 
to  the  total  amount  of  sediment.  On  plains,  watersheds,  and  more  or 
less  level  ground,  the  proportion  of  loss  may  be  small,  while  on  slopes 
and  in  valleys  it  may  be  great,  and  it  may  not  be  easy  to  fix  the  true 
^  T.  Mellard  Reade,  Presidential  Address,  Liveri>ool  Geot  Soe.  1884-85. 
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ratios  in  these  cases.  But  it  must  be  borne  in  mind  thcat  estimates  and 
measurements  of  the  sum-total  of  denudation  are  not  therel)y  affected. 
If  allow  too  little  for  the  loss  from  the  surface  of  the  table-lands,  we 
increase  the  proportion  of  the  loss  sustained  by  the  sides  and  bottoms  of 
the  valleys,  and  vice  versa. 

^Yhile  these  proportions  vary  indefinitely  with  the  form  of  the  surface, 
rainfall,  &c.,  the  balance  of  loss  must  always  be,  on  the  whole,  on  the 
side  of  the  sloping  surfaces.  In  order  to  show  the  full  import  of  this  part 
of  the  subject,  certain  ratios  may  here  be  assumed  which  are  probably 
understatements  rather  than  exaggerations.  Let  us  take  the  proportion 
between  the  extent  of  the  plains  and  table-lands  of  a  country,  and  the  area 
of  its  valleys,  to  he  as  nine  to  one  ;  in  other  words,  that,  of  the  whole 
surface  of  the  country,  nine-tenths  consists  of  broad  undulating  ])lains,  or 
other  comparatively  level  ground,  and  one-tenth  of  steeper  slopes.  Let  it 
be  farther  assumed  that  the  erosion  of  the  surface  is  nine  times  greater- 
over  the  latter  than  over  the  former  area,  so  that  while  the  more  level 
.parts  of  the  country  have  been  lowered  one  foot,  the  valleys  have  lost  nine 
feet  If,  following  the  measurements  and  calculations  already  given,  we 
admit  that  the  mean  annual  quantity  of  detritus  carried  to  the  sea 
may,  with  some  probability,  be  regarded  as  equal  tf)  the  yearly  loss  of 
of  a  foot  of  rock  from  the  general  surface  of  the  country, 
then,  apportioning  this  loss  over  the  surface  in  the  ratio  just  given, 
we  find  that  it  amounts  to  of  a  foot  from  the  more  level  grounds 
in  6000  years,  and  2  feet  from  the  valleys  in  the  same  s])ace  of  time. 
Xow,  if  I  of  a  foot  be  removed  from  the  level  grounds  in  6000  years,  1 
foot  will  be  removed  in  10,800  years  ;  and  if  5  feet  be  worn  out  of  the 
valleys  in  6000  years,  1  foot  will  be  worn  out  in  1200  years.  This  is 
equal  to  a  loss  of  only  yL  of  an  inch  from  the  table-lands  in  75  years,  wliile 
the  same  amount  is  excavated  from  the  valleys  in  (Si  years. 

It  may  seem  at  first  sight  that  such  a  loss  as  only  a  single  line  from 
the  surface  of  the  open  country  during  more  than  the  lapsti  of  a  long 
human  life  is  almost  too  trifling  to  be  taken  into  account,  as  it  is  certainly 
too  small  to  be  generally  appreciable.  In  the  same  way,  if  we  are  told 
that  the  constant  wear  and  tear  which  is  going  on  be^re  our  eyes  in 
valleys  and  water-courses  does  not  effect  more  than  the  removal  of  one 
line  of  rock  in  eight  and  a  half  years,  we  may  naturally  enough  regard 
such  a  statement  as  probably  an  under-estimate.  But  if  we  only  permit 
the  multiplying  power  of  time  to  come  into  play,  the  full  force  of  those 
seemingly  insignificant  quantities  is  soon  made  apparent.  .For  we  find 
by  a  simple  piece  of  arithmetic  that,  at  the  rate  of  denudation  which  has  . 
been  just  postulated  as  probably  a  fair  average,  a  valley  of  1000  feet  deep 
may  be  excavated  in  1,200,000  years,  a  period  which,  in  the  eyes  of  most 
geologists,  will  seem  short  indeed. 

Objection  may  he  taken  to  the  ratios  from  which  this  average  rate  of 
denudation  is  computed.  Without  attempting  to  decide  what  this  average 
rate  actually  is — a  question  which  must  be  determined  for  each  region 
upon  much  fuller  data  than  are  at  present  available— the  geologist  will 
find  advantage  in  considering,  from  the  point  of  view  now  indicated,  what, 
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according  to  the  most  probable  estimates,  is  actually  in  progress  around 
him.  Let  him  assume  any  other  apportioning  of  the  total  amount  of 
denudation,  he  does  not  thereby  lessen  the  measurement  of  that  amount, 
^\diich  can  be  and  has  been  ascertained  in  the  annual  discharge  of  rivers. 
A  certain  determined  quantity  of  rock  is  annually  worn  off  the  surface  of 
the  land.  If,  as  already  remarked,  we  represent  too  large  a  proportion 
to  be  derived  from  the  valleys  and  water-courses,  we  diminish  the  loss 
from  the  open  country  ;  or,  if  we  make  the  contingent  derived  from  the 
hitter  too  great,  we  lessen  that  from  the  former.  Under  any  ascertained 
or  assumed  proportion,  the  facts  remain,  that  the  land  loses  a  certain 
ascertainable  fraction  of  a  foot  from  its  general  surface  per  annum,  and 
that  the  loss  from  the  valleys  and  water-courses  is  larger  than  that  fraction, 
while  the  loss  from  the  level  ground  is  less. 


3.  Marine  Denudation — its  coin'parative  rate. 

From  the  destructive  effects  of  occasional  storms  an  exaggerated 
estimate  has  been  formed  of  the  relative  potency  of  marine  erosion. 
That  the  amount  of  waste  by  the  sea  must  be  inconceivably  less  than  that 
effected  by  the  subaerial  agents,  will  be  evident  if  we  consider  how  small 
is  the  extent  of  surface  exposed  to  the  power  of  the  v^aves,  when  con¬ 
trasted  with  that  which  is  under  the  influence  of  atmospheric  waste.  In 
the  general  degradation  of  the  land,  this  is  an  advantage  in  favour  of  the 
subaerial  agents  which  would  not  be  counterbalanced  unless  the  rate  of 
waste  by  the  sea  were  many  thousands  or  millions  of  times  greater  than 
that  of  rains,  frosts  and  streams.  But  in  reality  no  such  compensation 
exists.  In  order  to  see  this,  it  is  only  necessary  to  place  side  by  side 
measurements  of  the  amount  of  work  actually  performed  by  the  two 
classes  of  agents.  Let  us  suppose,  for  instance,  that  the  sea  eats  away  a 
continent  at  the  rate  of  ten  feet  in  a  century — an  estimate  which  probably 
attributes  to  the  waves  a  much  higher  rate  of  erosion  than  can,  as  the 
average,  be  claimed  for  them.^  Then  a  slice  of  about  a  mile  in  breadth 
will  require  about  52,800  years  for  its  demolition,  ten  miles  will  be  eaten 
away  in  528,000  years,  one  hundred  miles  in  5,280,000  years.  Now  we 
have  already  seen  that,  on  a  moderate  computation,  the  land  loses  about 
a  foot  from  its  general  surface  in  6000  years,  and  that,  by  the  continuance 
of  this  rate  of  subaerial  denudation,  the  continent  of  Europe  might  be 
worn  away  in  about  4,000,000  years.  Hence,  before  the  sea,  advancing 
at  the  rate  of  ten  feet  in  a  century,  could  pare  off  more  than  a  mere 
marginal  strip  of  land,  between  70  and  80  miles  in  breadth,  the  whole 
land  might  be  washed  into  the  ocean  by  atmospheric  denudation. 

Some  such  results  as  these  would  necessarily  be  produced  if  no  dis¬ 
turbance  took  place  in  the  relative  levels  of  sea  and  land.  But  in 
estimating  the  amount  of  influence  to  be  attributed  to  each  of  the 
denuding  agents  in  past  times,  we  require  to  take  into  account  the  com- 

^  It  may  be  objected  that  this  rate  is  far  below  that  of  parts  of  the  east  coast  of  England 
{ante,  p.  571).  But  along  the  rocky  western  coast  of  Britain  the  loss  is  perhaps  not  so  much 
as  one  foot  in  a  century. 


594 


UYNAMKIAL  dKol.oC  V 


. . . .  ^  .  ^ 

Lth’s  crust  Kf=^T°  [rfrtU  '  ‘'i<  1^  -  'i"-  '••*»« 

into  land,  had  not  taken  f,,;„,a;f„r  ,!..■  lir.t  ,-u,.ti»«i» 

been  no  great  thickness  of  s^tihcd  i  amtifoil 

must  soon  have  been  washed  u„..M„f..rii»al«ht«*'' 

part  of  the  earth’s  crust,  and  the  ahum  urn,  n  .1 

among  the  sedimentary  masses,  show  bovv  <.o  m  .  },  «!|}|», 

X  waste  of  the  land  was  compensated  by  .-leva! my  musr  umt^  «  «k. 
fn  trothett^e  continued  up 

deposits  was  rendered  possible  by  inolongci  i  ‘1"''''|'  ’  ,  ,j  ^ 

When  a  mass  of  land  is  raised  to  a  ..Sit 

larger  surface  is  exposed  to  denudation-  ‘  a  nn,  a  ,,  •  -  .irfaii*  h* 

themsult,  and  consequently,  also,  a  more  acfv.i  waste  ;;;J 

subaerial  agents.  It  is  true  that  a  greater  e.v  .-.nt  of  ^  st  line  is  j.  ni 
to  the  action  of  the  waves,  but  a  little  ndbwtmn  will  ^  « 

increase  will  not,  on  the  whole,  bring  with  it,  a  ^ 

the  amount  of  marine  denudation.  For,  as  the  land  nses.  the  cl.lN^ 
removed  from  the  reach  of  the  breakers,  and  a  more  sloping  Um  h  ^ 
produced,  on  which  the  sea  cannot  act  w'lth  the  Haine  potency  as  whuii  i 
beats  against  a  cliff-line.  Moreover,  as  the  sea  floor  approaches  nmwr 
the  surface  of  the  water,  it  is  the  former  detritus  washed  oil  the  lan.J,  airt 
deposited  under  the  sea,  which  first  come.s  within  Ihe.  reach  of  the 
and  waves.  This  serves,  in  some  measura,  iw  a  Ui  tJie  mM 

rock  below,  and  must  be  cut  away  by  the  ocean  iM-tbire  that  mrk  imtt 
exposed  anew.  While,  therefore,  elevatory^movimn^iiU  tertcl  nn  Urn  will* 
to  accelerate  the  action  of  subaerial  deraidaticm,  they^  in  mm¥*  d«*^ref» 
the  natural  and  ordinary  influence  of  the  sea  in  wiiHiing  the  liiwL 
the  influence  of  movements  of  depression  will  prolmlfly  be  fiatiid  tn  Uml 
in  an  opposite  direction.  The  lowering  of  the  giniera!  liH^el  of  tlic  Liltii 
will,  as  a  rule,  help  to  lessen  the  rainfall,  and  c.fHim*f|ni*nlly  the  miM  m 
subaerial  denudation.  At  the  same  tim€^,  it  will  aicl  tlie  aeticiti  «if  ik® 
waves,  by  removing  under  their  level  the  detritiiH  produced  by  ihiuii  »fpl 
heaped  up  on  the  beach,  and  by  thus  ]>ringing  c;onHt4inilj  williiit  rtwis 
of  the  sea  fresh  portions  of  the  land^snrfaec.  But  even  willi  ^tltw 
advantages  in  favour  of  marine  denudation,  tlie  Imlancn  of  ptiwcr  will^  on 
the  whole,  remain  always  on  the  side  of  the  sufiaorial  agents*  ^ 


4.  Marine  Denudation— iin  JimiJ  rmiii. 

The  general  result  of  the  erosive  action  of  tht!  sea  on  the  Iiificl  m  tit 
production  of  a  submarine  plain.  As  the  sea  iidvances,  tlni  »iti»  of  Mifi* 
cessive  lines  of  beach  pass  under  low-water  mark.  Where  enmiciit  ii  it 
full  operation,  the  littoral  belt,  as  far  down  a«  wave  action  has  inflttiitirt, 
is  ground  down  by  moving  detritus.  Thin  result  may  oftcui  he  iiwltwl* 
ively  observed,  on  a  small  scale,  upon  rocky  she  res  whttre  neetituw  lii® 
that  in  Fig,  180  occur.  We  can  conceive  that,  should  no  change  of  loftl 
between  sea  and  land  take  place,  the  sea  might  slowly  eat  its  way  f»r 
into  the  land,  and  produce  a  gently  sloping,  yet  ap|MtrentIy  almiwt  liorh 
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zontal  Hedvngt^  of  plain,  covered  peniiantjntly  hy  thti  wav6H.  In  suc<h  a 
sulanaritie  plain,  tht^  inlhiciicc;  of  geological  Htriicturo,  and  notably  of  tin 
rcdalivtj  powcrn  of  i’(‘HiHtan<a^  of  dilfennit  roekn,  would  make  itecdf  eoiinpieu- 
ous,  as  may  l>t‘  stum  (‘.veil  on  ai  ninall  Health  f)n  any  rocky  beach  (hig.  17J). 
I'hc,  prcsc.nt  proinontori(‘.H  <'auH(al  by  the  HUfxjrior  hardncHH  of  tlujir 
component  roctks  would  no  doubt  1x5  n^prcHcuted  by  ridges  on  the  sub- 
mpiemm  plateau,  whiles  the  (‘xintiiig  bays  and  cre(;ks,  worn  out  of  softer 
rocks,  wendd  be  marked  by  lim^s  of  valley  or  hollowJ 

lluH  tiJudeiK^y  to  the  formation  of  a  submarims  plain  along  the  margin 
of  the.  land  deservcH  special  attention  by  the  sLudemt  of  denudation, 
lln*  angltj  at  which  a  masH  of  land  dcHcendH  to  the  H(ia-l(5vel  Hcrves 
roughly  to  iiidieate  the  depth  of  watc^r  near  shore.  A  precipitous  coast 
cotniuonly  riscH  emt  of  d(M*.p  water ;  a  low  coast  is  usually  skirted  with 
shallow  wate,r,  the  line  of  slope  ahovt5  seadevei  being  in  a  gcmcral  way 
prolonged  helow  it.  The  bcilt  of  b(5ac;h  forms  a  kind  of  t(wrac<5  or  notch 
along  the  maritime  slope..  SometirncH,  whore  the  coast-line  is  preci- 
pitfUiH,  tluH  lerrace  is  nearly  (jr  wholly  wanting.  In  otlu^r  places,  it  I'uns 


1*41.  I>iil  Mf  Uwkn  i^ruuml  ilowii  ton.  jiljuti  on  tho  hoiich  by  wiivo-actlon, 

out  a  good  way  I  my  om  I  low- water  mark.  On  a  gr(‘at  scale,  th<5  floor  of 
the  North  Sea  and  that  of  th(5  Atlantic;  Ocean,  for  some  distance  to  the; 
west  f>f  Ireland,  may  he  regarded  as  a  mariric  platform  that  onc.e  foi’mcxl 
part  of  the  European  continc^nt  (Fig.  1^1),  and  has  h(;en  rcsduccxl  by 
deiiudiition  and  subsidence  to  its  prcistmi  pemitiom  ’ 

Kr^  far  as  the  present  rkfinif  of  nature  has  been  explorc^d,  it  would 
seem  to  Ixt  inevitable  that,  unless  whesre.  Huht.errammu  movcimetits  interfei’c;, 
or  where  volcanic  rocks  are  poured  forth  at  thci  surface*,  a  submarine  plain 
Khould  be.  formed  along  the  marghi  of  the  land.  This  final  rcjsult  of 
denudatiem  has  Ixam  aeddeved  again  arid  itgiun  in  th(5  geological  past,  as 
k  shown  !y  the  tjxistemce*  of  table-lamlH  of  eu’osioii  (oa/e,  p.  To  the'.Ha 

la! det  lauds  the  name,  of  plains  of  marine  demudation  has  been  ap[)li<5d 
hy  Sir  A.  tl  itamsay.  Frotn  what  has  now  Inmn  said,  liowt^ver,  it  will  be; 
seen  that  in  their  actual  prexluction  the,  «c;a  has  nmlly  had  less  to  do  than 
the  meteoric  agante.  A  “  plain  eif  inariru;  denudation  ”  is  that  hasede^ved  of 
erosion  to  which  a  mass  of  land  had  been  reelueaxl  mainly  by  tin;  Hubne;rial 
forceis— the  line  below  whieh  further  elegraclation  be^e.ame;  impossihle;, 
heciiiwe  the  land  wan  thcreafle;r  pn»tc.ett»ei  by  being  eaivewexl  by  the  sea, 
Endoubtedly  the  last  tou<;lH*H  in  the;  long  procesn  of  seadpturiiig  wejn; 
given  by  marine  waviw  ami  currentH,  ared  the;  surfacu;  of  the;  plain,  save 

*  \lr.  Wliitiiikrr*  iii  lb*'  }a|H‘r  *»»  'iifb.nt'iisil  tm  |>.  r»7C,  luit 

*»iit  till;  uhi*’li  uc'  by  tin*  .^iiljuirrl'i]  fbrr«*.H  fmiii  tbonr  (if  ?««(,- 

III  tiii*  ef  liiicH  *4 
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where  it  has  subsided,  may  correspond  generally  with  the  lower  limit  of 
wave-action.  Nevertheless,  in  the  past  history  of  our  planet,  the  influence 
of  the  ocean  has  probably  been  far  more  conservative  than  destructive. 
Only  beneath  the  reach  of  the  waves  can  the  surface  of  the  abraded  land 
escape  the  demolition  which  sooner  or  later  overtakes  all  that  rises 
above  them. 


Fig.  181. — Map  of  Briti.sli  subniarino  platfonu. 

The  darker  tint  represents  sea-])ottoui  more  than  100  fathoms  deep,  while  i)aler  shadijig  .showH  Hut 
area  of  le.ss  depths.  The  figures  mark  the  tleptli.s  in  fathoms.  The  narrow  tdianmd  i)et  ween  Norway 
and  Denmark  is  2580  feet  deep. 


5.  Dejpodtion — the  framework  of  neiu  land. 

If  a  survey  of  the  geological  changes  in  daily  progress  upon  the 
surface  of  the  earth  leads  us  to  realise  how  momentously  the  land  is 
being  worn  down  by  the  various  epigene  agents,  it  ought  also  to  impress 
us  with  the  vast  scale  on  which  new  formations — the  foundation  of  future 
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land — are  being  continually  accumulated.  Every  foot  of  rock  removed 
from  the  surface  of  a  country  is  represented  by  a  corresponding  amount 
of  sedimentary  material  arranged  somewhere  beneath  the  sea.  Denuda¬ 
tion  and  deposition  are  synchronous  and  co-equal. 

On  land,  vast  accumulations  of  detrital  origin  are  now  in  progress. 
Alluvial  plains  of  every  size,  from  those  of  mere  brooks  up  to  those  of 
the  largest  rivers,  are  built  up  of  gravel,  sand  and  mud  derived  from  the 
disintegration  of  higher  ground.  From  the  level  of  the  present  streams, 
successive  terraces  of  these  materials  can  be  followed  up  to  heights  of 
several  hundred  feet.  Over  wide  regions,  the  daily  changes  of  tempera¬ 
ture,  moisture  and  wind  supply  a  continual  dust,  which,  in  the  course  of 
centuries,  has  accumulated  to  a  depth  of  sometimes  1500  feet,  and  covers 
thousands  of  square  miles  of  the  surface  of  the  continents.  The  numerous 
lakes  that  dot  the  surface  of  the  land  serve  as  receptacles  in  which  a 
ceaseless  deposition  of  sediment  takes  place.  Already  an  unknown 
number  of  once  existent  lakes  has  been  entirely  filled  up  with  detrital 
accumulations,  and  every  stage  towards  extinction  may  be  traced  in  those 
that  remain. 

But,  extensive  though  the  terrestrial  sedimentary  deposits  may  be, 
they  can  be  regarded  merely  as  temporary  accumulations  of  the  detritus. 
Save  where  protected  and  concealed  under  the  water  of  lakes,  they  are 
everywhere  exposed  to  a  renewal  of  the  denudation  to  which  they  owe 
their  origin.  Only  where  the  sediment  is  strewn  over  the  sea-floor 
beneath  the  limit  of  breaker-action,  is  it  permitted  to  accumulate  undis¬ 
turbed.  In  these  quiet  depths  are  now  growing  the  shales,  sandstones, 
and  limestones  which,  by  future  terrestrial  revolutions,  will  be  raised  into 
land,  as  those  of  older  times  have  been.  Between  the  modern  deposits 
and  those  of  former  sea-bottoms  which  have  been  upheaved,  there  is  the 
closest  parallel.  Deposition  will  obviously  continue  as  long  as  denudation 
lasts.  The  secular  movements  of  the  crust  seem  to  have  been  always 
sufficiently  frequent  and  extensive  to  prevent  cessation  of  these  operations. 
And  so  we  may  anticipate  that  it  will  be  for  many  geological  ages  yet  to 
come.  Elevation  of  land  will  repair  what  has  been  lost  by  superficial 
waste,  and  subsidence  of  sea-bottom  will  provide  space  for  the  continued 
growth  of  sedimentary  deposits. 

Section  iii.  Life. 

Among  the  agents  by  which  geological  changes  are  now,  and  have 
in  past  time  been,  effected  upon  the  earth’s  surface,  living  organisms 
take  by  no  means  an  unimportant  place.  They  serve  as  a  vehicle  for 
continual  transferences  from  the  atmosphere  into  the  mineral  world,  and 
from  the  mineral  world  back  into  the  atmosphere.  Thus,  they  decompose 
atmospheric  carbon-dioxide,  and  in  this  process  have  gradually  removed 
from  the  atmosphere  the  vast  volumes  of  carbon  now  locked  up  within 
the  earth’s  crust  in  beds  of  solid  coal.  By  their  decomposition,  organic 
acids  are  produced  which  partly  enter  into  mineral  combinations,  and 
partly  return  to  the  atmosphere  as  carbon- dioxide.  Plants  abstract 
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from  the  soils  silica,  alkalies,  calcium -phosphate  and  other  mineral 
substances,  which  enter  largely  into  the  composition  of  the  hard  parts 
of  animals.  On  the  death  and  decomposition  of  animals,  these  substances 
are  once  more  relegated  to  the  inorganic  world,  thence  to  enter  upon 
a  new  circulation  through  the  tissues  of  living  organisms. 

From  a  geological  point  of  view,  the  operations  of  organic  life 
may  be  considered  under  three  aspects — destructive,  conservative  and 
reproductive. 

§  1.  Destructive  Action. 

Plants  in  several  ways  promote  the  disintegration  of  rocks. 

1.  By  keeping  the  surfaces  of  rocks  moist,  plants  provide  means  for 
the  continuous  solvent  action  of  water.  This  influence  is  particularly 
observable  among  liverworts,  mosses  and  similar  moisture-loving  plants. 

2.  By  their  decay,  plants  supply  an  important  series  of  organic  acids, 
which  exert  a  powerful  influence  upon  soils,  minerals  and  rocks.  The 
humus,  or  organic  portion  of  vegetable  soil,  consists  of  the  remains  of 
plants  and  animals  in  all  stages  of  decay,  and  contains  a  complex  scries 
of  organic  compounds  still  imperfectly  understood.  Among  these  are 
humic,  azo- humic,  ulmic,  crenic  and  apocrenic  acids. ^  The  action  of 
these  organic  acids  is  twofold.  (1)  From  their  tendency  to  oxidation, 
they  exert  a  markedly  reducing  influence  (ante,  pp.  451,  469,  582). 
Thus  they  convert  metallic  sulphates  into  sulphides,  as  in  the  blue 
marine  muds,  and  the  abundant  pyritous  incrustations  of  coal-seams, 
shell-bearing  clays,  and  even  sometimes  of  mine-timbers.  Metallic 
salts  are  still  further  reduced  to  the  state  of  native  metals.  Native 
silver  occurs  among  silver  ores  in  fossil  wood  among  the  Permian  rocks 
of  Hesse.  Native  copper  has  been  frequently  noticed  in  the  timber- 
props  of  mines ;  it  was  found  hanging  in  stalactites  from  the  timbers 
of  the  Ducktown  copper  mines,  Tennessee,  when  the  mines  were  re¬ 
opened  after  being  shut  up  during  the  civil  war.  Fossil  Ashes  from  the 
Kupferschiefer  have  been  incrusted  with  native  copper,  and  flsh -teeth 
have  been  obtained  from  Liguria  completely  replaced  by  this  metal. 
(2)  They  exert  a  remarkable  power  of  dissolving  mineral  substances.- 
This  phase  of  their  activity  has  probably  been  undervalued  by  geologists. 
Experiments  have  shown  that  many  of  the  common  minerals  of  rocks 
are  attacked  by  organic  acids.'^  There  is  reason  to  believe  that  in  the 
decomposition  effected  by  meteoric  waters,  and  usually  attrilmted  mainly 
to  the  operation  of  carbonic  acid,  the  initial  stages  of  attack  are  due 

^  See  J.  Rotli,  Allgemeiue  imd  cheniisclie  Geologie,’  1883,  p.  596. 

-  Professor  Sollas  has  noticed  the  formation  of  minute  hernis])lierical  pits  fui 
by  tlie  solvent  action  of  a  lichen,  VerrKcaria  rupestris  {Jh'if,  Attsac.  1880,  Seeds,  p.  586). 
See  also  J.  G.  Goodchild,  Geol.  Mag.  1 890,  p.  464. 

This  has  been  strongly  insisted  upon  by  A.  A.  Julien  in  a  memoir  oti  tbe  (Jeological 
Action  of  the  Humus  Acids,”  Amer,  Assoc.  1879,  ]>.  311.  See  also  P.  Thenard  {(Jompf. 
rend.  Ixx.  1870,  p,  1412),  who  shows  that  when  the  humic  acids,  by  al>sorbing  nitrogen 
from  the  air,  become  azo-humic,  the  latter  possess  a  much  higher  solvent  acdlon  on  silica, 
combining  with  as  much  as  from  7  to  24  per  cent.  C.  W.  Hayes,  Lull.  Gml.  ,%m.  A  nice, 
viii.  (1897),  p.  213. 
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to  the  powerful  solvent  capacities  of  the  humic  and  azo- humic  acids. ^ 
Owing,  however,  to  the  facility  with  which  these  acids  pass  into  higher 
states  of  oxidation,  it  is  chiefly  as  carbonates  that  the  results  of  their 
action  are  carried  down  into  deeper  parts  of  the  crust  or  brought  up  to 
the  surface.  Although  carbonic  acid  is  no  doubt  the  final  condition  into 
which  these  unstable  organic  acids  pass,  yet  during  their  existence  they 
attack  not  merely  alkalies  and  alkaline  earths,  but  even  dissolve  silica. 
The  relative  proportion  of  silica  in  river-waters  has  been  referred  to  the 
greater  or  less  abundance  of  humus  in  their  hydrographical  basins, ^  the 
presence  of  a  large  percentage  of  silica  being  a  concomitant  of  a  large 
proportion  of  organic  matter.  Further  evidence  of  the  important  influ¬ 
ence  of  organic  acids  upon  the  solution  of  silica  is  supplied  by  many 
siliceous  deposits  (p.  612). 

Wherever  a  layer  of  humus  has  spread  over  the  surface  of  the  land, 
traces  of  its  characteristic  decompositions  may  be  found  in  the  soils,  sub¬ 
soils  and  underlying  rocks.  Next  the  surface,  the  normal  colour  of  the 
subsoils  is  usually  changed  by  oxidation  and  hydration  into  tints  of 
brown  and  yellow,  the  lower  limit  of  the  weathered  zone  being  often 
sharply  defined.  Where  the  humus  acids  can  freely  attack  the 
hydrated  peroxide  of  iron,  they  remove  it  in  solution,  and  the  decomposed 
rock  or  soil  is  thereby  bleached.  This  may  be  observed  where  pine-trees 
grow  on  ferruginous  sand,  a  rootlet  one-sixth  of  an  inch  in  diameter  being 
by  its  decay  capable  of  whitening  the  sand  to  a  distance  of  from  one  to 
two  inches  around  it.^  It  has  recently  been  proposed  to  ascribe  mainly 
to  the  operation  of  the  humus  acids  the  thick  layer  of  decomposed  rock 
above  noticed  (p.  458)  as  observable  so  frequently  south  of  the  limits  of 
the  ice  of  the  Glacial  period,  and  the  inference  has  been  drawn  that,  even 
where  the  surface  is  now  comparatively  barren,  the  mere  existence  of 
this  thick  decomposed  layer  affords  a  presumption  that  it  once  underlay 
an  abundant  vegetation,  such  as  a  heavy  primeval  forest-growth.'^  Nor  is 
the  chemical  action  confined  to  the  superficial  layers.  The  organic  acids 
are  carried  down  beneath  the  surface,  and  initiate  that  series  of  altera¬ 
tions  which  carbonic  acid  and  the  alkaline  carbonates  effect  among  sub¬ 
terranean  rock-masses  (pp.  470,  474). 

Besides  giving  rise  to  the  formation  of  organic  acids,  plants  appear 
to  possess  a  property  of  nitrification  whereby  the  decay  of  rocks  is 
promoted.  Certain  bacteria  are  believed  to  have  the  power  of  decompos¬ 
ing  carbonate  of  ammonium,  abstracting  the  carbon  and  liberating  nitric 
acid.  An  instance  of  the  action  is  given  from  the  Pic  Pourri  in  the 
French  Pyrenees,  where  the  calcareous  schists  are  rotten  all  over  the 
surface  and  are  permeated  by  the  nitrifying  bacteria.  The  nitrogen, 
however,  is  pro])ably  soon  again  abstracted  by  growing  vegetation. 

Professor  H.  C.  Bolton  has  experimented  on  the  action  of  citric  acid  {an(e,  p.  117)  on  200 
different  mineral  species,  and  he  finds  that  this  organic  acid  possesses  a  power  of  dissolving 
minerals  only  slightly  less  than  that  of  hydrochloric  acid.  Lrif.  As<snr.  1880,  Sects,  p.  505. 

^  Sterry  Hunt’s  ‘Chemical  and  Geological  Essays,’  pp.  126-150. 

^  Kindler,  xxxvii.  (1836),  p.  203.  J.  A.  Phillips,  ‘Ore  Deposits,’  1884, 

p.  14.  ^  Julien,  A7)ier.  Assoc.  1879,  p.  378. 
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Ammonium  sulphate  and  sodium  chloride,  when  in  solution  in  water, 
as  in  that  of  soils,  promote  the  rapid  decay  of  felspars.^ 

3.  Plants  insert  their  roots  or  branches  between  the  joints  of  rock, 
or  penetrate  beneath  the  soil.  Two  marked  effects  are  traceable  to 
this  action.  In  the  first  place,  large  slices  of  rock  may  be  wedged  off* 
from  the  sides  of  wooded  hills  or  cliffs.  Even  among  old  ruins,  an  occa¬ 
sional  sapling  ash  or  elm  may  be  found  to  have  cast  its  roots  round  a 
portion  of  the  masonry,  and  to  be  slowly  detaching  it  from  the  rest  of 
the  walk  In  the  second  place,  the  soil  and  subsoil  are  opened  up  to  the 
decomposing  inffuences  of  the  air  and  descending  water.  The  distance 
to  which,  under  favourable  circumstances,  roots  may  penetrate  downward 
Ip  much  greater  than  might  be  supposed.  Thus  in  the  loess  of  Nebraska 
the  buffalo-berry  {She^herdia  argophylh)  has  been  observed  to  send  a  root 
55  feet  down  from  the  surface,  and  in  that  of  Iowa  the  roots  of  grasses 
penetrate  from  5  to  25' feet. ^ 

4.  By  attracting  rain,  as  thick  forests,  woods  and  mosses,  more 
particularly  on  elevated  ground,  are  believed  to  do,  plants  accelerate 
the  general  scouring  of  a  country  by  running  water.  The  indiscri¬ 
minate  destruction  of  the  woods  in  the  Levant  has  been  assigned, 
with  much  plausibility,  as  the  main  cause  of  the  present  desiccation 
of  that  region.^ 

5.  Living  plants  promote  the  decay  of  diseased  and  dead  plants  and 
animals,  as  when  fungi  overspread  a  damp  rotting  tree  or  the  carcase  of 
a  dead  animal. 

Animals. — The  destructive  influences  of  the  animal  kingdom  like¬ 
wise  show  themselves  in  several  distinct  ways. 

1.  The  surface-soil  is  moved,  and  exposed  therehy  to  attack  by 
rain,  wind,  &c.  As  Darwin  showed,  the  common  earth-worm  is  con¬ 
tinually  engaged  in  bringing  up  the  fine  particles  of  soil  to  the.  surface. 
He  found  that  in  fifteen  years  a  layer  of  burnt  marl  had  been  ])uried 
under  3  inches  of  loam,  which  he  attributed  to  this  operation.'^  It  has 
been  already  pointed  out  that  part  of  the  growth  of  soil  may  ])e  due  to 
wind-action  (ante,  p.  438).  There  can  be  no  doubt,  however,  that  the 
materials  of  vegetable  soil  are  largely  commingled  and  fertilised  hy  the 
earth-worm,  and  in  particular  that,  by  being  brought  up  to  the  surface, 
the  fine  particles  are  exposed  to  meteoric  influences,  notably  to  wincl 

^  See  Muntz,  Oo'mjJt.  rend.  cx.  (1890),  p.  1370,  and  aiithoritieK  cited  by  liini.  On  the 
fixation  of  free  nitrogen  by  plants  in  the  soil,  see  J.  B.  Lawes  and  H.  flillx-rt,  .Juiira.  Iluf/. 
Agrkvlt.  Sue.  Eng.  3rd  ser.  voL  ii.  part  iv.  })p.  657-702  (1892). 

^  Aughey’s  ‘  Phy.sical  Geography  and  Geology  of  Nebraska,’  IHSO,  p.  275. 

^  See  on  this  disputed  question  tlie  works  cited  by  Rollcst^ni,  Jutnui.  Hut/.  ihHuj.  Sue. 
xlix.  (1879).  The  practical  methods  for  combating  the  dc.striictiw*  action  of  rniiiiiiig  water 
are  treated  of  in  P.  Demontzey’s  work,  ‘  L’Extinction  des  Torrents  eii  France*  ]>ar  It*  liehoist*- 
raent,’  2  vols.  text  and  plates,  1895.  The  destruction  of  forests  is  alleged  to  inercane  the 
nuinher  and  severity  of  hailstorms.  Information  regarding  tlie  forests  of  the  Tliiitetl  fitates 
will  be  found  in  the  2()th  Ann.  Meg).  U.  S.  (L  S.  1900,  part  v.  p.  498. 

^  Trmu.  Ueul.  Soc.  v.  p.  505,  “Vegetahle  Mould,”  1881.  Compare  also  the  paper  l»y 
Mr.  Horace  Darwin,  “On  the  small  Vertical  Movements  of  a  Stone  laid  on  the  Siirfac.e  of  tin* 
Ground,”  Proc.  Roy.  Sof.  Ixviii.  (1901),  253. 
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and  rain.  Even  a  grass-covered  surface  may  thus  suffer  slow  denuda¬ 
tion.  Lob-worms  on  sandy  shores  possibly  aid  transport  by  waves  and 
tides,  inasmuch  as  they  bring  up  large  quantities  of  fresh  sand.^ 

Burrowing  animals,  by  throwing  up  the  soil  and  subsoil,  expose 
these  to  be  dried  and  blown  away  by  the  wind.  At  the  same  time, 
their  subterranean  passages  serve  to  drain  off  the  superficial  water, 
and  to  injure  the  stability  of  the  surface  of  the  ground  above  them.  In 
Britain,  the  mole  and  rabbit  are  familiar  examples.  In  North  America, 
the  prairie-dog  and  gopher  have  undermined  extensive  tracts  of  pasture- 
land  in  the  west.  In  Cape  Colony,  wide  areas  of  open  country  seem 
to  be  in  a  constant  state  of  eruption  from  the  burrowing  operations  of 
multitudes  of  Batliyergi  and  Chrysochloris — small  mole-like  animals  which 
bring  up  the  soil  and  bury  the  grassy  vegetation  under  it.  The 
decomposition  of  animal  remains  produces  chemical  changes  similar  to 
those  resulting  from  the  decay  of  plants. 

2.  The  flow  of  streams  is  sometimes  interfered  with,  or  even 
diverted,  by  the  operations  of  animals.  Thus  the  beaver,  by  cutting 
down  trees  (sometimes  1  foot  or  more  in  diameter)  and  constructing 
dams  with  the  stems  and  branches,  checks  the  flow  of  water-courses. 


intercepts  floating  materials,  and  sometimes  even  diverts  the  water  into 
new  channels.  This  action  is  typically  displayed  in  Canada  and  in  the 
Eocky  Mountain  regions  of  the  United  States.  Thousand  of  acres 
in  many  valleys  have  been  converted  into  lakes,  which,  intercepting  the 
sediment  carried  down  by  the  streams,  and  being  likewise  invaded  by 
marshy  vegetation,  have  subsequently  become  morass  and  finally 
meadow -land.  The  extent  to  which,  in  these  regions,  the  alluvial 
formations  of  valleys  have  been  modified  and  extended  by  the 
operations  of  the  beaver,  is  almost  incredible.  The  embankments  of  the 
Mississippi  are  sometimes  weakened  to  such  an  extent  by  the  burrowings 
of  the  cray-fish  as  to  give  way  and  allow  the  river  to  inundate  the 
surrounding  country.  Similar  results  have  happened  in  Europe  from 
the  sul)terranean  operations  of  rats. 

3.  On  the  western  prairies  of  North  America  herds  of  large  animals 


frequent  the  shallow  wind-formed  basins, 
which  become  almost  the  only  receptacles 
of  water  in  some  regions.  Wading  into 
or  wallowing  in  these  pools,  the  animals 
become  coated  with  mud,  which  they 
carry  away  adhering  to  their  bodies  until 
it  drops  off  or  dries  and  is  rubbed  away. 
By  this  means  those  lakes  have,  no  doubt. 


been  permanently  deepened.-  ^  is2.-siicii-i)oriiigs  in  limestone. 

4.  Some  mollusks  (Pholas,  SaAcava^ 

Teredo,  &c.,  Eig.  182)  bore  into  stone  or  wood,  and  by  the  number  of 
contiguous  perforations  greatly  weaken  the  materials.  Pieces  of  driftwood 


^  Br.  Bavisoii  estiniates  tlie  amount  to  be  sometimes  nearly  2000  tons  annually  over 
an  acre.  (teal.  Mag.  1801. 

^  0.  K.  Gilbert,  Joarn.  (ied.  iii.  (1895),  p.  49. 


602 


DYNAMICAL  GEOLOGY 


BOOK  III  PART  II 


are  soon  riddled  with  long  holes  by  the  teredo ;  while  wooden  piers,  and 
the  bottoms  of  wooden  ships,  are  often  rapidly  perforated.  Saxicavous 
shells,  by  piercing  stone  and  leaving  open  cavities  for  rain  and  sea-water 
to  fill,  promote  its  decay.  A  potent  cause  of  the  destruction  of  coral- 
reefs  is  to  be  found  in  the  borings  of  mollusks,  annelids  and  echinoderms, 
whereby  masses  of  coral  are  weakened  so  as  to  be  more  easily  removed 
by  breakers.  Similar  effects  have  been  observed  to  be  produced  by 
snails.  The  hard  limestone  of  Sulies-du-Salat,  in  the  Haute  Garonne, 
is  abundantly  pitted  with  cylindrical  perforations  about  an  inch  broad 
and  nearly  six  inches  deep,  made  by  Helix  nemoralis  and  H.  limieiisis. 
The  rock  is  thus  honeycombed  with  cavities,  which  promote  its  decay  by 
the  other  agents  of  degradation.^ 

5.  Many  animals  exercise  a  ruinously  destructive  influence  upon 
vegetation.  Of  the  various  insect-plagues  of  this  kind  it  will  be  enough 
to  enumerate  the  locust,  phylloxera,  and  Colorado  beetle.  The  pasture 
in  some  parts  of  the  south  of  Scotland  has  in  recent  years  been  much 
damaged  by  mice,  which  have  increased  in  numbers  owing  to  the 
indiscriminate  shooting  and  trapping  of  owls,  hawks  and  other 
predaceous  creatures.  Grasshoppers  cause  the  destruction  of  vegeta¬ 
tion  in  some  parts  of  Wyoming  and  other  Western  Territories  of  the 
United  States.  Animals  likewise  destroy  each  other,  often  on  a  great 
scale.  Thus  the  occasional  enormous  development  of  the  protozoon 
genera  Feridinium  and  Gl&nodinium  kills  off  the  oysters  and  other 
mollusks  in  the  waters  of  Port  Jackson.-  Various  animals,  in  the 
process  of  digestion,  triturate  the  calcareous  organisms  which  they 
swallow,  and  in  voiding  the  remains  furnish  calcareous  materials  to 
marine  deposits.^ 

§  2.  Conservative  Action. 

Plants. — The  protective  influence  of  vegetation  is  well  known. 

1.  The  formation  of  a  stratum  of  turf  protects  soil  and  rocks  from 
being  rapidly  removed  by  rain  or  wind.  Hence  the  surface  of  a  district 
so  protected  is  denuded  with  extreme  slowness,  except  along  the  lines  of 

1  E.  Harle,  B.  S.  G.  F.  xxviii.  (1900),  p.  204. 

2  An  occurrence  of  this  kind  in  March  1891  led  to  an  almost  complete  destruction  of  the 
oysters,  mussels  and  other  bivalves ;  the  rest  of  the  littoral  fauna — limpets  and  other  uni¬ 
valves,  starfish,  worms,  ascidians  and  other  lower  forms  of  life — were  so  seriously  affected 
that  dead  and  dying  were  strewn  about  in  great  numbers,  while  the  higher  fm ms,  able  to 
move  rapidly,  had  retired  to  deep  water.  T.  Whittelegge,  Record.^  of  AudraUan  Musmtviy 
i.  No.  9  (1891),  p.  179. 

^  The  triturating  action  of  annelids  and  other  marine  creatures  upon  the  minute 
calcareous  organisms  which  pass  through  their  intestines  is  well  illustrated  by  some  ancient 
formations.  It  is  evident  that  what  are  now  extensive  masses  of  solid  limestone 
dolomite,  once  existed  as  fine  calcareous  silt,  the  greater  part  of  whicdi  has  been  swa%w^ 
and  voided  by  worms.  The  Cambrian  rocks  of  Durness,  in  the  north-west  of  Scotland, 
furnish  a  notable  example  of  this  action.  Not  only  is  the  material  comminuted,  but,  os 
J.  Y.  Buchanan  has  shown  {ante^  p.  582),  it  soTnetiiiies  undergoes  eheniical  change,  m  wher® 
the  sulphates  in  sea-water  are  reduced  to  sul])hides  and  the  blue  mud  of  the  sea-bottom 
acquires  its  distinctive  character. 
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its  water-courses.  A  crust  of  lichens  doubtless  on  the  whole  protects 
the  rock  underneath  it  from  atmospheric  agents.^ 

2.  Many  plants,  even  without  forming  a  layer  of  turf,  serve  by 
their  roots  or  branches  to  protect  the  loose  sand  or  soil  on  which 
they  grow  from  being  removed  by  wind.  The  common  sand-carex 
and  other  arenaceous  plants  bind  littoral  sand-dunes,  and  give  them 
a  permanence  which  would  at  once  be  destroyed  were  the  sand  laid 
bare  again  to  the  storms.  In  North  America,  the  sandy  tracts  of  the 
Western  Territories  are  in  many  places  protected  by  the  sage-brush 
and  grease-wood.  The  growth  of  sedges,  reeds,  shrubs  and  brushwood 
along  the  course  of  a  stream  not  only  keeps  the  alluvial  banks  from  being 
so  easily  undermined  and  removed  as  would  otherwise  be  the  case,  but 
serves  to  arrest  the  sediment  in  floods,  filtering  the  water,  and  thereby 
adding  to  the  height  Of  the  flood-plain.  On  some  parts  of  the  west 
coast  of  France,  extensive  ranges  of  sand-hills  have  been  planted  with 
pinewoods,  which,  while  preventing  the  destructive  inland  march  of  the 
sand,  also  yield  a  large  revenue  in  timber,  and  have  so  influenced  the 
climate  as  to  make  these  districts  a  resort  for  pulmonary  invalids.-  In 
tropical  countries,  the  mangrove  grows  along  the  sea-margin,  and  not 
only  protects  the  land,  but  adds  to  its  breadth,  by  forming  and  increasing 
a  maritime  alluvial  belt. 

3.  Some  marine  plants  likewise  afford  protection  to  shore  rocks.  This 
is  done  by  the  hard  incrustration  of  calcareous  nullipores ;  likewise  by 
the  tangles  and  smaller  fuci  which,  growing  abundantly  on  the  littoral 
zone,  break  the  force  of  waves,  or  diminish  the  effects  of  ground-swell. 

4.  Forests  and  brushwood  protect  soil,  especially  on  slopes,  from 
being  washed  away  by  rain.  This  is  shown  by  the  disastrous  results 
of  the  thoughtless  destruction  of  woods.  According  to  Reclus,^  in  the 
three  centuries  from  1471  to  1776,  the  “vigueries,”  or  provostry- 
districts  of  the  French  Alps,  lost  a  third,  a  half,  and  even  three-fourths 
of  their  cultivated  ground,  and  the  population  has  diminished  in  sorae- 
Avhat  similar  proportions.  From  1836  to  1866  the  departments  of 
Hautes  and  Basses  Alpes  lost  25,000  inhabitants,  or  nearly  one-tenth  of 
their  population — a  diminution  which  has  with  plausibility  been  assigned 
to  the  reckless  removal  of  the  pine-forests,  whereby  the  steep  mountain¬ 
sides  have  been  washed  bare  of  their  soil.  The  desiccation  of  the 
countries  bordering  the  eastern  Mediterranean  has  been  ascribed  to  a 
similar  cause. 

^  But  see  the  remark  already  made,  ante,  p.  598,  note  2. 

De  Lavergne,  ‘I^conoiiiie  riirale  de  la  France  depuis  1789,’  p,  297.  Edi-n.  Review, 
0(;t.  1864,  article  on  Coniferous  Trees. 

‘'La  Terre,’  i.  p.  410.  J.  C.  Brown,  ^ Rehoisement  eii  France,’  London,  1876.  Accord¬ 
ing  to  Dr.  J.  Garret,  however,  the  deterioration  of  the  climate  of  Savoy  and  the  diminution 
of  population  there  cannot  he  attributed  to  dehoisement.  The  cutting-down  of  the 
forests  dates  from  the  First  Empire,  but  replanting  has  been  going  on  for  some  time,  and 
th#  forest  area  is  now  a  little  larger  than  it  was  last  century.  Nevertheless,  the  depopulation 
of  the  higher  trae.ts,  which  had  begun  before  last  century,  continues,  notwithstanding  the 
replanting  of  the  slopes:  Assoc.  Frangaise,  1879,  p.  538. 

^  Recent  attempts  to  reclothe  the  desiccated  stone-wastes  of  Dalmatia  with  trees  have 
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5  In  mountain  districts,  pine-forests  exercise  also  an  important  con¬ 
servative  function  in  preventing  the  formation  or  arresting  the  progress 
of  avalanches.  In  Switzerland,  some  of  the  forests  which  cross  the  lines 
of  frequent  snow-falls  are  carefully  preserved. 

Animals  do  not  on  the  whole  exert  an  important  conservative  action 
upon  the  earth’s  surface,  save  in  so  far  as  they  form  new  deposits,  as  will 
be  immediately  referred  to.  On  many  shores,  however,  by  thickly 
encrusting  rocks,  they  act  like  the  marine  vegetation  above  alluded  to, 
and  protect  these  to  a  considerable  extent  from  abrasion  by  the  waves. 
The  most  familiar  example  in  Europe  of  this  action  is  that  of  the  common 
acorn-shell  or  barnacle  (Balanus  balanoides).  Serpulse  often  encrust 
considerable  masses  of  a  coral  reef,  and  act  like  nullipores,  in  protecting 
decaying  and  dead  corals  from  being  so  rapidly  broken  up  by  the  waves 
as  they  would  otherwise  be.  But  even  soft-bodied  animals,  such  as 
sponges  and  ascidians,  when  they  spread  over  rocks  near  low-water, 
afford  protection  from  at  least  the  less  violent  attacks  of  the  breakers. 
Professor  Herdman,  who  has  called  attention  to  this  subject,  enumerates 
as  the  more  important  animals  in  protecting  shore  rocks  :  Foraminifera 
(such  as  Flanorbuliiuc  vulgaris),  calcareous  and  fibrous  sponges,  hydroid 
zoophytes,  sea  anemones,  corals,  annelids  (serpula),  polyzoa,  cirripedes, 
mollusks  (such  as  gregarious  forms  like  the  mussel  and  oyster,  and 
gasteropods  like  the  limpet),  and  simple  and  compound  ascidians.^ 

In  the  prairie  regions  of  Wyoming  and  other  tracts  of  North  America, 
some  interesting  minor  effects  are  referable  to  the  herds  of  roving 
animals  which  migrate  over  these  territories.  The  trails  made  by  the 
bison,  the  elk  and  the  big-horn  or  mountain  sheep,  are  firmly  trodden 
tracks  on  which  vegetation  will  not  grow  for  many  years.  All  over  the 
region  traversed  by  the  now  nearly  extinct  bison,  numerous  circular 
patches  of  grass  used  to  be  seen  which  were  formed  on  the  hollows  where 
this  animal  had  wallowed.  Originally  they  were  shallow  depressions, 
formed  in  great  numbers  where  a  herd  of  bisons  had  rested  for  a  time. 
On  the  advent  of  the  rains  they  become  pools  of  water;  thereafter 
grasses  spring  up  luxuriantly,  and  so  bind  the  soil  together  that  these 
grassy  patches,  or  “  bison- wallows,”  may  actually  become  slightly  raised 
above  the  general  level,  if  the  surrounding  ground  becomes  parched  and 
degraded  by  winds.-  It  is  possible  that,  in  some  cases,  these  hollows  may 
be  dried  up  and  be  deepened  by  the  action  of  wind,  so  as  to  become  part 
of  the  series  of  wind-formed  basins  already  referred  to  (pp.  437,  519). 

§  3.  Eeproductive  Action. 

Plants. — Both  plants  and  animals  contribute  materials  towards  new 
geological  formations,  chiefly  by  the  aggregation  of  their  remains,  partly 
from  their  chemical  action.  Their  remains  are  likewise  enclosed  in 

been  attended  with  success.  See  Mojsisovics,  Jahrh.  Jteirhmnst.  1880,  p.  21U  ; 

also  the  work  of  Demontzey,  cited  on  p.  600. 

^  Ptoc.  Liveqml  Oeol.  Soc,  1884-85. 

-  Comstock,  in  Cajjtain  Jones’s  ‘Reconnaissance  of  N.W.  Wyoming,’  1875,  p.  175. 
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deposits  of  sand  and  mud,  the  bulk  of  which  they  thus  help  to  increase. 
Of  plant-formations  the  following  illustrative  examples  may  he  given  : — 

1.  Sea-vreeds. — It  was  long  ago  shown  by  Forchhammer  that  fucoids 
abstract  an  appreciable  amount  of  lime,  magnesia,  soda  and  other  com¬ 
ponents  of  sea-water,  and  he  believed  that  these  plants  probably  played 
an  important  part  in  the  accumulation  of  the  older  Paleozoic  sediments.^ 
Some  marine  algse  abstract  calcium-carbonate  from  sea-water  and  build 
it  up  into  their  own  substance.  A  nullipore  {LithotJiamnium  nodosum)  has 
been  found  to  contain  al)out  84  per  cent  of  calcium- carbonate,  54  of 
magnesium-carbonate,  with  a  little  phosphoric  acid,  alumina  and  oxides  of 
iron  and  manganese.^  Hence  the  calcareous  nullipores  which  encrust 
shore  rocks  provide  solid  material  which,  either  gi^owing  in  situ  or  broken 
off  and  distributed  by  the  waves,  gives  rise  to  a  distinct  geological  deposit. 
Considerable  masses  of  a  structureless  limestone  are  formed  in  the  Bay 
of  Naples  mainly  l)y  calcareous  algae.  By  the  infiltration  of  water  into 
the  dead  parts  of  the  material  the  organic  structure  is  destroyed.^  There 
can  be  no  doubt  that  from  the  Palaeozoic  period  to  the  present  day  an 
important  part  has  been  taken  by  calcareous  algai  in  the  formation  of 
thick  and  extensive  masses  of  limestone,  such  as  the  Tertiary  Litho- 
thamniiim-limcstone  (Leitlia-kalk)  of  the  Vienna  basin,  and  the  Triassic 
Cyroporella-limestone  of  the  Bavarian  and  Tyrolese  Alps."^ 

2.  Lake-plants. — In  fresh-water  lakes  also  considerable  accumula¬ 
tions  of  calcareous  marl  are  formed  by  plants  that  secrete  lime  within 
their  cells.  Of  these  plants  those  of  the  stone-wort  or  Ohara  tribe  are 
most  familiar  in  temperate  latitudes.  Thus  in  the  lakes  of  the  Jura  the 
species  of  Ohara  flourish  predominantly  at  a  depth  of  from  8  to  1 2  metres, 
and  form  there  an  extremely  luxuriant  vegetation.''"  In  the  Wlirmsee  or 
Starnbergersee  of  Upper  Bavaria  the  Chara-zone  extends  from  2  to  about 
7  metres  down.^^  In  the  lakes  of  Michigan,  which  are  remarkable  for 
their  extensive  deposits  of  marl,  the  Ohara  has  a  similar  range.  In  some 
lakes  the  calcareous  material  aggregated  by  plants  is  increased  by  the 
addition  of  the  shells  of  fresh -water  mollusks  and  ostracods.*^  The 
action  of  bog-mosses  and  other  plants  in  forming  calc-sinter  is  described 
on  p.  611. 

3.  Humus,  Black  Soils,  Ac. — Long-continued  growth  and  decay  of 
vegetation  upon  a  land-surface  not  only  promotes  disintegration  of  the 
superficial  rock,  but  produces  an  organic  residue,  the  intermingling 
of  which  with  mineral  debris  constitutes  vegetable  soil.  Undisturbed 
through  long  ages,  this  process  has,  under  favourable  conditions,  given 

‘  JBrit.  Assoc.  1844,  p- 155. 

“  (Tilnitel,  Abhandl.  Bayerisch.  Akad.  WissenscJi.'  A.  1871. 

J.  Walther,  D.  U.  (i.  xxxvii.  (1885),  p.  329. 

See  Hill,  q.  J.  (L  S.  xlvii.  (1891),  pp.  243  and  602  ;  Gregory,  xlviii.  (1892),  p. 
538  ;  Hinde,  xlix.  (1893),  p.  230  ;  Rothpletz,  Z.  JJ.  0.  G.  xliii.  (1891). 

Magiiiii,  Cvinpt.  rend.  cxvi.  pp.  535,  905. 

^  F.  Brand,  Botan.  Centralhl.  Ixv.  (1896),  p.  1  et  seq. 

^  0.  A.  Davis,  “Natural  History  of  Marl,’^  Jonrn.  GcoL  viii.  (1900),  pp.  485,  498,  and 
ix.  (1901),  p.  491. 
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rise  to  thick  accumulations  of  a  rich  dark  loam.  Such  are  the  ^^regur,” 
or  rich  black  cotton  soil  of  India ;  the  tchernozom,”  or  black  earth  of 
Eussia,  containing  from  6  to  10  per  cent  of  organic  matter;  and  the 
deep  fertile  soil  of  the  American  prairies  and  savannahs.  These  formations 
cover  plains  many  thousands  of  square  miles  in  extent.  The  tundras  ” 
of  northern  latitudes  are  frozen  plains  of  which  the  surface  is  covered 
with  arctic  mosses  and  other  plants. ^ 

4.  Peat-mosses  and  Bogs.^ — In  temperate  and  arctic  latitudes, 
marshy  vegetation  accumulates  m  situ  to  a  depth  of  sometimes  40  or  50 
feet,  in  what  are  termed  bogs  or  peat-mosses.  In  Northern  Europe  and 
America  these  vegetable  deposits  have  been  largely  formed  by  mosses, 
especially  species  of  Sphagnum,  which,  growing  on  hill-tops,  slopes  and 
valley-bottoms  as  a  wet  spongy  fibrous  mass,  die  in  their  lower  parts  and 
send  out  new  fibres  above.^  Some  peaty  deposits  have  been  formed  in 
lakes,  either  by  the  growth  of  aquatic  plants  on  the  bottom,  or  by  the 
precipitation  of  decaying  vegetation  from  the  layer  of  matted  plant- 
growth  which  creeps  from  shore  along  the  surface  of  the  water.^ 
Occasionally  these  vegetable  accumulations  become  detached,  and  form 
what  are  popularly  known  as  floating  islands.^  In  some  cases,  peat 

^  For  a  full  account  of  the  Tchernozom,  see  Sibirtzew’s  large  memoir  already  cited  {ante, 
p.  460),  from  p.  96  to  p.  106,  and  the  table  at  the  end  ;  Hume,  Qeol.  Mag.  1894,  pp.  308,  349  ; 
and  a  pamphlet,  ‘  Uber  den  Humus,’  by  Dr.  Von  Ollech,  Berlin,  1890.  It  may  be  well  to 
take  note  here  again  of  the  extensive  accumulation  of  red  loam  in  limestone  rcigions  which 
have  long  been  exposed  to  atmospheric  influences.  To  what  extent  vegetation  may  co-operate 
in  the  production  of  this  loam,  has  not  been  determined.  Fuchs  believes  that  the  “  terra 
rossa”  is  only  present  in  dry  climates  where  the^  amount  of  humus  is  small  {ante,  p.  457,  and 
authorities  there  cited). 

-  For  a  general  account,  see  T.  R.  Jones,  Pwc.  Qeol.  Amtc.  vi.  (1880),  p.  207.  On  the 
composition,  structure  and  history  of  peat-mosses,  consult  Rennie’s  ‘  Essays  on  Peat-moss,’ 
Edinburgh,  1810;  Steele’s  ‘Natural  and  Agricultural  History  of  Peat-moss,’  Edinburgh, 
18*26  ;  Templeton,  Trans.  Qeol.  Soc.  v.  p.  608 ;  H.  Schinz  -  Gessner,  ‘  Der  Torf,  &c.,’ 
Zurich,  1857 ;  Pokorny,  Verhand.  Qeol.  Reichsanst.,  Vienna,  1860  ;  Senft,  ‘  Humus-, 
Marsch-,  Torf-,  und  Limonit-bildungen,’  Leipzig,  1862;  G.  Thenius,  ‘Die  Torfmoore 
besteiTeichs,’  Vienna,  1874  ;  J.  Geikie,  Trans.  Roy.  Soc.  Jidln.  xxiv.  p.  363.  For  a  list  of 
plants  that  supply  material  for  the  formation  of  peat,  see  J.  Macculloch’s  ‘  Western  Islands,’ 
vol.  i.  ;  T.  R.  Jones,  above  quoted;  J.  Friih,  “Kritische  Beitriige  zur  Kenntniss  des  Torfes,” 
Jahrb.  Qeol.  Reichsanst.  xxxv.  (1885),  p.  677  ;  Bull.  Soc.  Botmi.  Suisse,  i.  (1891) ;  W. 
Fream,  Journ.  Roy.  Agric.  Soc.  England,  3rd  ser.  vol.  iv.  part  iv.  (1894).  A  valuable 
paper  on  the  peat-mosses  of  Norway,  their  distribution,  area,  enclosed  plant-remains  and 
geological  age,  will  be  found  under  the  title  of  “  Om  Torfmyrer  i  Norge,”  by  G.  E.  Stangeland, 
Norges  Qeol.  Unders')g,’iIo.  20, 1896,  and  No.  24,  1897 ;  G.  Andersson,  ‘  Finlaiidstorfmo.sKur’ ; 
J.  Holmboe,  Geol.  Foren.  Stockholm,  xxii.  (1900),  p.  55,  gives  sections  of  twf)  Norwegian 
peat-mosses,  with  the  vegetation  of  each  layer.  For  methods  of  collecting  and  investigating 
the  materials  of  peat-mosses,  see  Book  V.  Sect.  vi. 

^  Certain  bacteria  are  believed  by  some  botanists  to  exert  much  influence  in  tlnj  conversion 
of  vegetation  (cellulose)  into  peat,  lignite  and  coal.  See  on  the  transformation  of  plants 
into  combustible  minerals,  L.  Lemiere,  Qompt.  rend.  Congres  Ghd.  liit&rnat,  Paris,  1900, 
p.  502  ;  B.  Renault,  p.  646  (C.  E.  Bertrand,  p.  458). 

^  For  accounts  of  matted  vegetation  covering  lakes,  see  Land  and  Water,  1876,  pp.  180, 
282. 

^  Such  floating  islands  are  of  frequent  occurrence  among  the  Scandinavian  lakes.  For  ^ 
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may  possibly  have  risen  in  brackish-water  conditions.  There  are  even 
instances  cited  of  marine  peat  formed  of  sea-weeds  {Zostera,  Fiicus,  &c.).^ 
Among  the  Alps,  as  also  in  the  northern  parts  of  South  America,  and 
among  the  Chatham  Islands,  east  of  New  Zealand,  various  phanerogamous 
plants  form  on  the  surface  a  thick  stratum  of  peat. 

A  succession  can  sometimes  be  detected  in  the  vegetation  out  of  which  the  peat  has 
been  formed.  Thus  in  Europe,  among  the  bottom  layers  traces  of  rush  {Juncus),  sedge 
(Iris),  and  fescue-grass  {Festuca)  may  be  observed,  while  not  infrequently  an  underlying 
layer  of  fresh-water  marl,  full  of  mouldering  shells  of  Limma,  Planorbis  and  other 
lacustrine  mollusks,  with  traces  of  Cham,  shows  that  the  area  was  originally  a  lake 
which  has  been  filled  up  with  vegetation.  The  next  and  chief  layer  of  the  peat  will 
usually  be  fouud  to  consist  mainly  of  matted  fibres  of  different  mosses,  particularly 


Fig.  183.— View  of  Scottish  Peat-iiioHS  opened  for  digging  fuel. 


Sjphag/iUM,  Polytrichnm  and  Brywri,  mingled  with  roots  of  coarse  grasses  and  aquatic 
plants.  The  higher  layens  frequently  abound  in  the  remains  of  heaths.  Every  stage  in 
the  formation  of  peat  may  be  observed  wdiere  mosses  are  cut  for  fuel ;  the  portions  at 
the  bottom  are  more  or  loss  compact,  dark  brown  or  black,  with  comparatively  little 
external  appearance  of  vegetable  structure,  while  those  at  the  top  are  loose,  spongy  and 
fibrous,  where  the  living  and  dead  parts  of  the  mosses  commingle  (Fig.  183). 

It  freciuently  happens  that  remains  of  trees  occur  in  peat-mosses.  Sometimes  the 
roots  are  imbedded  in  soil  underlying  the  moss,  showing  that  the  moss  has  formed  since 
the  growth  of  the  trees  (see  p.  438).  In  other  cases,  the  roots  and  trunks  occur  in  the 
heart  of  the  peat,  proving  that  the  trees  grew  upon  the  mossy  surface,  and  w^ere  finally,  on 
their  decay,  enclosed  in  growing  i)eat  (Fig.  184).  A  succession  of  trees  has  been  observed 
among  the  Banish  peat-mosses,  the  Scotch  fir  {Pinm  sylvestris)  and  white  birch  {Betula 

examples,  see  V.  Oherg,  Geol.  Form.  Stodcholm,  xii.  (1890),  p.  422  ;  xvi.  (1894),  p.  96  ; 
R.  Sieger,  op.  ciL  xvi.  p.  233  ;  E.  Svedrnark,  p.  347  ;  C.  A.  Lindvall,  p.  438. 

>  J.  Macculloch,  ‘System  of  Geology,’  1831,  vol.  ii.  p.  341.  Sirodot,  CowpL  rend. 
Ixxxvii.  (1878),  p.  267.  Bobierre,  A^m.  Mines,  7me  sc]*.  x.  (1876),  p.  469.  J.  G.  Goodchild, 
GW.  xUag.  1900,  p.  381. 
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alba)  beiBg  characteristic  of  the  lovr-er  layers  ;  higher  portioirs  of  the  peat  being  marked 
bv  remain^  of  the  oak,  while  at  the  top  comes  the  common  beech.  Remains  of  the  same 
kinds  of  trees  are  abundant  in  the  bogs  of  Scotland  and  Ireland.  .... 

The  i-ate  of  growth  of  peat  varies  within  wide  limits.  An  interesting  example  of  the 
formation  and  growth  of  peat-moss  in  the  latter  half  of  the  seventeenth  century  is  on 
record  '  In  the  year  1651  an  ancient  pine-forest  occupied  a  level  tract  of  land  among 
the  hills  in  the  west  of  Ross-shire.  The  trees  were  aU  dead,  and  in  a  condition  to  he 
blown  down  by  the  wind.  About  fifteen  years  later  every  vestige  of  a  tree  had  dis¬ 
appeared,  the  site  being  occupied  by  a  spongy  green  bog  into  wlixcli  a  man  would  sink 
up  to  the  arm-pits.  Before  the  year  1699  the  tract  had  become  firm  eiioiigh  to  yield  good 
neat  for  fuel.  In  the  valley  of  the  Somme,  three  feet  of  peat  will  grow  in  from  30  to 
40  years  On  a  moor  in  Hanover,  a  layer  of  peat  from  4  to  9  feet  thick  formed  in  about 


Fig.  184.~Sceiie  in  a  Sutherland  Peat-iiioss. 


80  years.  Near  the  Lake  of  Constance,  a  layer  of  3  to  4  feet  grew  in  24  years. 
Among  the  Danish  mosses,  a  period  of  250  to  300  years  has  been  required  to  form  a  layer 
10  feet  thick.  Much  must  depend  upon  the  climate,  slope,  drainage  and  soil.  Some 
European  peat-mosses  are  probably  of  extreme  antiquity,  liaving  begun  to  form  soon  after 
the  surface  was  freed  from  the  snow  and  ice  of  the  glacial  period.  In  the  lower  parts  of 
these  mosses,  traces  of  the  arctic  flora  which  then  overspread  so  much  of  the  continent 
are  to  he  met  with.  In  other  instances,  the  mosses  are  at  least  as  late  as  Roman  times. 
Change  of  climate  and  likewise  of  drainage  may  stop  the  formation  of  i)eat,  so  that 
shrubs  and  trees  spring  up  on  the  firm  surface.  Along  the  Flemi.sli  coast  a  layer  of  peat 


1  Earl  of  Cromarty,  Phil.  Trans,  xxvii. 

2  .J.  Kolb,  Fruc.  Inst.  Civ.  Engin.  xl.  (1875),  p.  35. 

On  mosses  of  Flanders  and  north  of  France,  see  H.  Debray,  Bull.  Hoc.  Oeol.  E ranee, 
3ine  s4r.  ii.  p.  46.  An7i.  Hoc.  Geol.  Xord,  1870-74,  p.  19.  Lorie,  Arch.  AVus.  Teyler,  2me 
ser.  iii.  part  5  (1890),  pp.  423,  489.  Below  the  moors  of  Oldenburg,  Roman  coins,  weapons 
and  plank-roads  are  found  at  a  depth  of  13  feet  and  u}) wards  {Peterniann  s  MiitheiL.  1883, 
V.).  On  the  Bohemian  peat-hogs,  see  F.  Sitensky,  Archie  Lanclesdurchforsch.  Bohmen, 
vi.  (1891)  ;  on  those  lying  east  of  the  Christiania  Fjord,  G.  E.  Stangeland  in  the  memoir 
cited  606  ;  on  those  of  Schleswig-Holstein,  R.  v.  Fischer-Benzon,  Ahh.  Xatimoiss. 

Ver.  Ba'iriburg,  xi.  (1891). 
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containing  mosses,  rashes,  and  other  fresh- water  plants,  underlies  four  or  five  feet  of  clays 
and  sands  with  marine  shells,  indicating  a  subsidence  and  re-elevation  of  the  country.^ 

Peat-mosses  occupy  many  thousand  square  miles  of  Europe  and  Korth  America.- 
About  one-seventh  of  Ireland  is  covered  with  bogs,  that  of  Allen  alone  comprising 
238, 500  acres,  with  an  average  depth  of  25  feet.  Where  lakes  are  gradually  converted  into 
bogs,  the  marshy  vegetation  advances  from  the  shores,  and  sometimes  forms  a  matted 
treacherous  green  surface,  beneath  which  the  waters  of  the  lake  still  lie.  The  decayed 
vegetable  matter  from  the  under  part  of  this  crust  sinks  to  the  bottom  of  the  w^ater,  form¬ 
ing  there  a  fine  peaty  mud,  which  slowly  grows  upward.  Eventually,  as  the  spongy 
covering  spreads  over  the  lake,  a  layer  of  brown  muddy  water  may  be  left  between  the 
still  growing  vegetation  above  and  the  muddy  deposit  at  the  bottom.  Heavy  rains,  by 
augmenting  this  intermediate  watery  layer,  sometimes  make  the  centre  swell  up  until  the 
matted  skin  of  moss  bursts,  and  a  deluge  of  black  mud  pours  into  the  surrounding  country. 
The  inundated  ground  is  covered  permanently  with  a  layer  of  black  peaty  earth. ^ 

From  the  treacherous  nature  of  their  surface,  peat-mosses  have  frequently  been  the 
receptacles  for  bodies  of  men  and  animals  that  ventured  upon  them.  As  peat  possesses 
great  antiseptic  power,  these  remains  are  usually  in  a  state  of  excellent  preservation. 
In  Ireland,  skeletons  of  the  extinct  large  Irish  elk  {Megaceros  hiheriiicus)  have  been 
dug  up  from  many  of  the  bog^.  Human  weapons,  tools,  and  ornaments  have  been 
exhumed  from  peat-mosses  ;  likewise  crannoges,  or  pile-dwellings  (constructed  in  the 
original  lakes  that  preceded  the  mosses),  and  canoes  hollowed  out  of  single  trees. 

5.  Mangrove-swamps. — On  the  low  moist  shores  and  river-mouths 
of  tropical  countries,  the  man  grove -tree  plays*  an  important  geological 
part.  Jt  grows  in  such  situations  in  a  dense  jungle,  sometimes  twenty 
miles  broad,  which  fringes  the  coast  as  a  green  selvage,  and  runs  up,  if  it 
does  not  wholly  occupy,  creeks  and  inlets.  Tiie  mangrove  flourishes  in 
sea-water,  even  down  to  low-water  mark,  forming  there  a  dense  thicket, 
which,  as  the  trees  drop  their  radicles  and  take  root,  grows  outward  into 
the  sea.  It  is  singular  to  find  terrestrial  birds  nestling  in  the  branches 
above,  and  crabs  and  barnacles  living  among  the  roots  below.  By  the 
network  of  subaqueous  radicles  and  roots,  the  water  that  flows  off  the 
land  is  filtered  of  its  sediment,  which,  retained  among  the  vegetation, 
helps  to  turn  the  spongy  jungle  into  a  firm  soil.^  On  the  coast  of 
Florida,  the  mangrove-swamps  stretch  for  long  distances,  as  a  belt  from 
five  to  twenty  miles  broad,  which  winds  round  the  creeks  and  inlets.  At 
Bermuda,  the  mangi'oves  co-operate  with  grasses  and  other  plants  to 
choke  up  the  creeks  and  brackish  lakes.  In  these  waters  calcareous 
alga3  abound,  and,  as  their  remains  are  thrown  up  amidst  the  sand  and 
vegetation,  they  form  a  remarkably  calcareous  soil  (pp.  161,  443).*'' 

6.  Siliceous  Sinter,  Diatom-earth  or  Ooze. — Various  algae 
(Diatoms)  and  some  bog-mosses  (Hypnum)  can  flourish  in  the  hot  water* 
of  thermal  springs  and  abstract  from  it  a  jelly  of  silica,  which  on  drying 

^  Ann.  Alines,  7me  ser.  x.  p.  468. 

For  an  account  of  the  fresh-water  morasses  and  swamps  of  the  United  States,  see 
N.  S.  Shaler,  10th  Ann.  Rep.  U.  S.  O.  S.  1890,  p.  255. 

^  For  a  recent  example,  see  Nature,  Iv.  (1897),  pp.  254,  268. 

**  The  growth  of  mangrove  swamps  is  described  by  Professor  Shaler  in  the  Annual 
Report  of  the  Geological  Survey  cited  above,  p.  291. 

®  See  Nelson,  Q.  J.  (hoi.  Soc.  ix.  p.  200  et  seq.  ;  J.  J.  Eein,  Bericht  Seoickenh.  Natnrf. 
Ges.  1872-73,  p.  139  ;  Wyville  Thomson’s  ‘Atlantic,’  i.  p.  290  {ante,  pp.  161,  443). 
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generally  becomes  a  loose  pulverulent  sinter,  though  evaporation  of  the 
water  may  harden  it  into  a  firm  mass.  The  most  familiar  accumulations 
of  this  nature  now  in  course  of  formation  are  probably  those  of  the 
warm  water  marshes  supplied  by  the  hot  springs  of  the  Yellowstone 
Park,  where  the  oozy  deposits  and  drier  meadows  cover  many  square 
miles,  sometimes  to  a  depth  of  six  feet.^  Waters  which  contain  too 
small  a  proportion  of  silica  to  deposit  sinter  of  themselves,  may  thus 
become  an  abundant  source  of  this  material  through  the  operation  of 
diatoms  and  bog-mosses.^  “Infusorial”  earth  and  “tripoli  powder” 
consist  mainly  of  the  frustules  and  fragmentary  d6bris  of  diatoms, 
which  have  accumulated  on  the  bottoms  of  lacustrine  areas,  the  pui’er 
varieties  containing  90  to  97  per  cent  of  silica.  They  form  beds  some¬ 
times  50  feet  thick,  which  may  be  cemented  into  a  flint-likc  substance 
by  the  solution  and  re-deposit  of  some  of  the  silica.  (Richmond,  Virginia ; 


Fig.  185.— Diatom  ooze  dredged  ux^  by  the  Challenger  Bxpoditioa  from  a  depth  of  1050  fathomH  in  Uie 
Antarctic  Ocean,  lat.  53’  85'  8.,  long.  108’  38'  E.  Magnified  300  diameierH. 

Bilin,  Bohemia;  Aberdeenshire.)  It  is  on  the  sea-flooi;  however,  that 
the  most  widespread  deposits  of  diatom-ooze  are  to  be  found.  Dialoimeem 
occur  in  abundance,  both  in  the  surface-waters  of  the  ocean  and  on  the 
bottom.  In  the  Arctic  Ocean  and  in  the  seas  around  the  Shetland 
Islands  living  diatoms  sometimes  form  vast  floating  banks  of  a  yellowish 
slimy  mass,  which  impedes  the  prosecution  of  the  herring  fishery.’*  The 
frustules  of  these  plants  accumulate  at  depths  of  from  12 GO  to  1975 
fathoms,  as  a  pale  straw-coloured  deposit,  which  when  di'icd  i.s  white  and 
very  light  (Fig.  185).  Messrs.  Murraj’’  and  Irvine  estimate  the  area  of 
s^hottom  covered  with  diatom  ooze  at  10,420,600  squai’e  miles,  and  the 
mp,n  depth  of  the  surface  of  the  deposit  at  1477  fathoin.s  below  .sca-levcI.’* 
Diatoms  have  contributed  a  not  inconsiderable  part  of  the  material  of 

^  W.  H.  Weed,  Botanical  (Gazette,  xiv.  (1889),  p.  117. 

^  W.  H.  Weed,  Amer.  Jonrn.  ^ci.  xx.xvii.  (1889),  p.  359.  The  action  of  Jlypninn 
aduncum  i?  adduced  as  an  illustration  of  the  less  frequent  precipitation  of  silica  and  the 
production  of  siliceous  sinter  by  mosses. 

^  Sir  J.  Murray  and  Mr.  Irvine,  Proc.  Boy.  Soc.  Mdm.  xviii.  (1891),  p.  231.  On  the  source 
whence  marine  plants  and  animals  obtain  their  silica,  see  ante,  p.  575,  and  paste, a,  ii.  625. 

^^Proc.  Roy.  Soc.  Edin.  xvii.  (1889),  p.  82.  For  a  detailed  accoiuit  of  diatom-ooze,  see 
the  volume  of  the  Ohallengef  Report  on  “Deep-Sea  Deposits,”  xip.  208-213. 
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various  sinters  and  earths  {tuffeaiix)  in  the  Tertiary  and  Cretaceous  forma¬ 
tions  of  Europe.^ 

6.  Chemical  Deposits  formed  hy  Plants. — Besides  giving  rise 
to  new  formations  by  the  mere  accumulation  of  their  remains,  plants  do 
so  also  both  directly  and  indirectly  by  causing  precipitation  from  chemical 
solutions.  This  action  has  already  been  noticed  as  exemplified  by  the 
calcareous  accumulations  formed  by  nullipores  and  fresh- water  algae,  and 
by  the  siliceous  sinters  and  diatom-earths.  But  some  further  details 
concerning  the  general  chemical  results  of  the  co-operation  of  vegetation 
may  be  given  here.  A  conspicuous  precipitation  from  calcareous  springs 
known  as  calc-sinter  was  formerly  thought  to  be  merely  an  inorganic 
precipitate  of  lime.  But  it  is  now  known  to  be  immediately  caused 
by  the  action  of  different  aquatic  plants.  While  the  Ohara  deposits  the 
carbonate  within  its  own  cells,  the  mosses  Hyjpnmn^  Bryiun,  &c.,  precipitate 
the  mineral  as  an  inorganic  incrustation  outside  their  sterns.'^ 

Some  observers  have  even  maintained  that  this  is  the  normal  mode  of  production 
of  calc-sinter  in  large  masses  like  those  of  Tivoli.*^  It  is  certainly  remarkable  that 
this  substance  may  be  observed  encrusting  librous  bunches  of  moss  {Eypnim^  Sze.), 
when  it  can  be  found  in  no  other  part  of  the  water-course,  and  this,  too,  at  a  spring 
containing  only  0*034  of  carbonate.  It  is  evident  that  if  the  deposit  of  eale-sinter  were 
due  to  mere  evaporation,  it  would  be  more  or  less  equally  spread  along  the  edges  and 
shallow  parts  of  the  channel.  It  appears  to  arise  first  from  the  decomposition  of 
dissolved  carbonic  acid  by  the  living  plants,  and  it  proceeds  along  their  growing  stems 
and  fil)res.  Subsequently,  evaporation  and  loss  of  carbon -dioxide  cause  the  carbonate 
to  be  precipitated  over  and  through  the  fibrous  sinter,  till  the  substance  may  become  a 
solid  crystalline  stone.  Varieties  of  sinter  are  traceable  to  original  diflerences  in  the 
plants  precipitating  it.  Thus  at  Weissenbrunnen,  near  Schalkau,  in  Central  Germany, 
a  cavernous  but  compact  sinter  is  made  by  Hypnum  moUusmm,  while  a  loose  porous 
kind  gathers  upon  Didym.odo%  capillcceeics.'^ 

Besides  calcium-carbonate,  vegetable  life  has  the  power  of  causing  the  precipitation 
of  silica.  The  most  signal  examples  of  this  operation  are  furnished  at  some  hot  springs 
w’here,  as  above  remarked  with  regard  to  the  geyser  district  of  the  Yellowstone  Pi^rk, 
•extensive  sinter  deposits  are  largely  formed  by  v^etation,  which  causes  the  siliceous 
material  to  be  thrown  down  as  a  stiff  gelatinous  substance,  in  many  varied  forms. 
Algic  are  chiefly  concerned  in  this  process.  On  the  death  of  the  plant  the  jelly-like 
mass,  which  consists  of  the  siliceous  filaments  of  the  algje  and  their  slimy  envelope, 
loses  part  of  its  water,  becomes  cheese-like  in  consistency,  and  finally  hardens  into 
stone. 

^  L.  Cayeux,  Ann.  Soe..  (Uol.  Nofd,  xix.  (1891),  p.  90  ;  Cumpt.  rend.  cxiv.  (1892), 
p.  375  ;  and  his  important  monograph  already  cited,  ‘Contribution  a  I’J^tude  des  Terrains 
sddimentaires,  ’  especially  chap.  hi. 

-  Mr.  Davis  observes  that  this  precipitation  is  noticeable  on  the  leaves  and  stems  of  the 
higher  plants,  and  that  nearly  all  vegetation  growing  in  water  is  concerned  in  producing  it. 
Journ.  (hoi.  viii.  p.  485. 

On  the  influence  of  algae  in  the  formation  of  the  travertine  of  Tivoli,  see  P.  Cohn, 
Nmes  Jahrb.  1864,  p.  580  ;  G.  vom  Rath,  Z.  J>.  <(.  (L  xviii.  (1866),  p.  502, 

^  See  V.  Schauroth,  Z.  1).  (L  0.  iii.  (1851),  p.  137.  Cohn,  in  the  paper  just  dted, 
gives  some  interesting  information  as  to  the  i»lants  by  which  the  sinter  is  formed,  and  their 
work.  Ill  Scotland,  Hypnimi  commutatitm  is  a  leading  sinter-former. 

®  W.  H.  Weed,  Oth  Ann.  Rep.  U.  S.  (J.  S.  1889.  Auier.  Jimrn.  ScL  xxxviii.  (1889), 
p.  351. 
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c’otnhinaiionH  of  inanganehf%  and  aloi  wiili  ;dliiM,  |tliof4p|ioi !»■  .01*!,  iimr. 
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small  as  to  have  presented  a  difficulty  in  the  endeavour  to  account  for 
the  vast  quantities  of  this  substance  eliminated  by  marine  organisms.  Mr. 
J.  Y.  Buchanan,  however,  has  suggested  that  the  testaceous  denizens  of 
the  sea  assimilate  their  lime  from  the  gypsum  dissolved  in  sea-water, 
forming  sulphide  in  the  interior  of  the  animal,  which  is  transformed  into 
carbonate  on  the  outside.^  Messrs.  Murray  and  Irvine  have  experi¬ 
mentally  proved  that  sea-animals  can  secrete  carbonate  of  lime  from  sea¬ 
water  from,  which  carl3onate  of  lime  is  rigidly  excluded,  and  thus  that 
the  other  lime  salts,  notably  the  sulphate,  are  made  use  of  in  the  process. 
They  infer  that  the  living  tissues  of  the  lower  animals  and  the  effete 
secretions  of  higher  forms  produce  carbonate  of  ammonia,  which  in 
presence  of  the  sulphate  of  lime  of  sea-water  becomes  carbonate  of  lime 
and  sulphate  of  ammonia.-  The  great  majority  of  the  accumulations 
formed  of  animal  remains  are  calcareous.  Those  organisms  which  secrete 
their  lime  as  calcite  produce  more  durable  skeletons  or  tests  than  those 
which  accumulate  it  in  the  form  of  aragonite  (p.  155).  Hence  among 
geological  formations  aragonite  shells  have  in  large  measure  disappeared.^ 
In  fresh  water,  accumulations  of  animal  remains  are  represented  l)y 
the  white,  chalky  marl  of  lakes,  which  consists  in  large  part  of  the 
mouldering  remains  of  Mollumi,  Entomostmca  and  Chur  a  or  other  fresh¬ 
water  algae.  On  the  sea-bottom, ’in  shallow  water,  they  consist  of  l)eds 
of  shells,  as  in  oyster-banks.  Under  favourable  conditions,  extensive 
deposits  of  limestone  ’  are  now  being  formed  on  the  sea-floor  in  tropical 
latitudes.  Murray,  from  observations  made  during  the  Challenger  voyage, 
estimates  that  in  a  square  mile  of  the  tropical  ocean  down  to  a  depth  of 
100  fathoms  there  are  more  than  16  tons  of  calcareous  matter  in  the 
form  of  animal  and  vegetable  organisms.'^  These  surface  organisms,  when 
dead,  are  continually  falling  to  the  bottom,  where  their  remains  accumu¬ 
late  as  a  soft  ooze.  On  the  floor  of  the  West  Indian  seas,  as  originally 
described  by  Pourtales,  where  an  extraordinarily  abundant  fauna  is 
supported  by  the  plentiful  supply  of  food  brought  by  the  great  ocean 
currents  which  enter  that  region  from  the  South  Atlantic,  a  calcareous 
deposit  is  being  formed  out  of  the  hard  parts  of  the  animals  that  live  on 
the  bottom  (molliisks,  echinoderms,  corals,  alcyonoids,  annelids,  Crustacea, 
Ac.),  mingled  with  what  may  fall  from  the  upper  water.  This  deposit 
accumulates  as  a  vast  submarine  plateau  or  series  of  broad  banks,  and  is 
comparable  in  extent  to  some  of  the  more  important  limestones  of  older 
geological  time.  Some  portions  of  it  have  here  and  there  (Barbados, 
Guadeloupe,  Cuba,  Ac.)  been  elevated  above  the  sea,  so  that  its  com¬ 
position  and  structure  can  be  studied.  The  organisms  in  these  upraised 

^  Jlrit.  Astioo.  1881,  Sects.  ]).  584. 

-  Proc.  Jioy.  /S'o6*,  Edin.  xvii.  (1889),  j).  89. 

^  Sorty,  Presidential  Address  G-eol.  Soc.  1879  ;  P.  F.  Kendall,  (Jeol.  2[a(/.  1883,  p.  497  ; 
V.  Cornisli  and  F,  Kendall,  Geul  Meuj.  1888,  p.  60.  The  last-iiained  observer  remarks 
that  all  reef-building  corals  have  aragonite  skeletons,  while  those  of  all  the  deep-sea  forms 
which  he  had  studied  were  of  calcite  {llex).  P/'it,  Assor.  1896,  p.  789).  ymstea,  Book  V. 
§  ii.  2. 

Proc,  Roy.  Hoc,  Edin.  x.  (1880),  p.  508. 
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limestones  are  the  same  as  those  which  still  liye,  and  form  a  similar 
limestone  in  the  surrounding  seas.  In  Yucatan  the  rock  is  perforated 
with  caverns,  one  of  which  is  70  fathoms  deep.^ 

Here  and  there  considerable  deposits  of  broken  shells  have  been  pro¬ 
duced  bf  the  accumulation  of  the  excrement  of  fishes,  as  Verrill  has  pointed 
out,  on  the  north-eastern  coasts  of  the  United  States.  Deposits  of  broken 
shells,  raised  above  sea-level  either  hy  breakers  and  winds  or  hj  sub¬ 
terranean  movements,  are  solidified  into  more  or  less  compact  shelly 
limestone.  Extensive  beds  of  this  nature,  composed  mainly  of  species  of 
*Arca,  Lwtraria,  Mactra,  &c.,  form  islands  fronting  the  shores  of  Florida,  and 
likewise  underlie  the  soil  of  that  State.  Some  of  the  shells  still  retain 
their  colours.  The  whole  mass  is  in  layers  1  to  18  inches  thick,  quite 
soft  before  exposure  to  the  air,  hut  hardening  thereafter,  and  much  of  it 
exhibiting  a  confused  crystallisation.‘-^  It  is  known  locally  as  Coquina. 
The  calcareous  dunes  of  Bermuda  have  been  already  referred  to  (p.  443). 

Cord-reefs} — But  the  most  striking  calcareous  formations  now  in 

^  A.  Agassiz,  Amer.  Acetd  xi.  (1882),  p.  Ill;  and  ‘Three  Cruises  of  the  JUakc.' 
See  also  papers  Ry  Messrs,  Jukes-Browne  and  Harrison,  qh  J.  <^.  A.  xlvii.  (1891),  p.  197  ; 
xlviii.  (1892),  p.  170  ;  Iv.  (1899),  p.  177,  on  the  oceanic  deposits  of  Barbados  and  Trinidad  ; 
and  for  the  general  subject,  Sir  J.  Murray  on  “Marine  Organisms  and  their  Eiivironuient,” 
JYatwr,  Ir.  (1897),  p.  227.^ 

“  H.  D.  Eogers,  Brit.  Assoc.  Rep.  1834,  p.  11.^ 

^  The  literature  devmted  to  the  structure  and  origin  of  Coral-reefs  has  grown  to  large  ito- 
portions  in  recent  years.  The  following  list  includes  the  more  important  coiitrihutioiis  to 
the  subject: — Darwin,  ‘The  Structure  and  Distribrition  of  Coral  Islands,’  1842  ;  2nd  edit. 
1874;  3rd  edit,  by  Professor  Bonney,  1889;  Dana,  ‘Corals  and  Coral  Islands,”  1872;  2ud 
edit,  1890  ;  Jukes’s  ‘  Narrative  of  Voyage  of  H.M’.S.  Fhj}  1847  ;  0.  Semper,  Ze/iisch.  Win.^en. 
Zooi.  xiii.  (1863),  p.  558  ;  Verhccndl.  Rhys.  iRcd.  f'/r.W/.sY’/n,  Wilrzbnrg,  Feb.  1868;  ‘Dio 
Philippine!!  nnd  ihre  Bewd'hner,’  1869,  p.  100  ;  J.  J.  Rein,  Aeticlrtib.  jYidurf.  dVx,  Wiirz- 
hurg,  1869-70,  p.  157  ;  J.  Murray,  Prur,  Roy.  Aoc.  Edin.  x.  p.  .505,  xvii.  (1889),  p.  79  ; 
A.  Agassiz,  J/ew?.  Amer.  AcatL  xi.  (1882),  p.  107  ;  (Hawaii)  Bud.  Jfns.  dahipttr.  Zwd. 
Ilarmrd^  xvii.  (1889),  p.  121  ;  xx.  (1890),  p.  61  ;  xxiii.  (1892),  p.  1  ;  (Bahamas  and  Cul)a} 
xxvi.  (1894),  pp.  1-203  ;  (Bermudas)  xxvi.  (1895),  p.  209;  (Australian  Barrier-reef)  xxviii. 
(1898),  p.  95  ;  (Fiji)  xx.xiii.  (1899),  pp,  3-167  ;  Amer.  Join'.  Set.  ii.  (1896),  p.  240 ;  v.  (1898), 
p.  113;  xiii.  (1902),  p.  297  ;  Afem.  Ahis.  Cmnp.  Zool.  llu.rvard,  x,?cvi.  (1902),  pp.  1-113 
(“Preliminary  Report  oi Albatross  Expedition  across  Tro[)ical  Pacific”);  C.  J\  Sliiiter,  on  the 
coral-reefs  of  the  Java  Sea,  Natuvrhind.  Tfjd.  jYederlandsdi.  TmUe,  xlix.  (1890) ;  J.  'Waltlier, 
on  the  coral-reefs  of  the  Sinai  peninsula,  Ahhand.  AlatJi.-Phys.  Kiln.  Sachs.  xiv. 

(1888) ;  H.  B.  Griippy,  Proc.  Linn.  Soc.  zT.  S.  Wale.%  ix.  part  4 ;  Ti’i/ns.  Rai/.  She.  Kdin. 
xxxii.  (1885);  ‘The  Solomon  Islands,’ 1 887  ;  J.  C.  Bourne,  jVatvrc,  xxxvii.  (1888),  pp,  415, 
546  ;  Admiral  "Wharton,  pp.  303,  393  ;  xxxviii.  (1888),  pp.  207,  568  ;  xiii.  (1 890),  pp.  81, 
85, 172,  222  ;  Iv.  (1897),  p.  390 ;  Q.  J.  (L  A.  lv^  (1898),  p.  228;  A.  Heilprin,  ‘Tlie  Bermuda 
Islands,’  1889;  Proc.  Acad.  Xat.  Sci.  Philadelphia ]>■  303;  Juke.s-Browne  and  Harrisoit, 
Barbados,  Q.J.d.  S.  xlvii.  (1891),  p.  197  ;  xlviii.  (1892),  p.  170  ;  Walther,  Petenii.  Milth. 
Erganz.  No.  102  (1891);  J.  J.  Lister  (Tonga  Island),  J.  (J  A.  xlvii.  (1891),  p.  590;  W". 
Savile  Kent,  ‘The  Great  Barrier-reef  of  Australia,’  London,  1893  (pp.  387,  64  plates) ;  fb 
G-erland,  “Die  Koralleninsela  vornehmlicli  der  Siidsee,”  BeitrlUje.  zur  ileophys.  ii.(1894),  pp. 
25-70  ;  A.  Kramer,  ‘  IJeber  den  Ban  der  KorallenriFe  an  den  Sarnoaiiisehen  Kimten,’  pp.  ix, 
174,  Kiel  and  Leipzig,  1897  ;  “The  Atoll  of  Funafuti,”  piihlished  as  Meonnr  Til.  ot  the 
Australian  Museum,  Sydney,  1896-98;  J.  S.  Gardiner.  Proc.  CamMdyc  Phil.  Aoc.  ix.(1898), 
p.  4l7  ;  W.  J.  Sollas,  jYatnre,  Iv.  (1897),  p.  137  ;  “  Phmafuti:  the  Study  of  a  Coral-atoll,” 
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progress  are  the  reefs  and  islands  of  coral.  These  vast  masses  of  rock 
are  formed  by  the  continuous  growth  of  various  genera  and  species  of 
corals,  in  tracts  where  the  mean  temperature  is  not  lower  than  68°  Fahr. 
Coral-growth  is  prevented  by  colder  water,  and  by  the  fresh  and  muddy 
water  discharged  into  the  sea  by  large  rivers.  One  of  the  essential 
conditions  for  the  formation  of  coral-reefs  is  abundance  of  food  for  the 
reef-builders,  and  this  seems  to  be  best  supplied  by  the  great  equatorial 
currents.  It  is  observed  that  on  the  eastern  coasts  of  Africa,  Central 
America  and  Australia,  bathed  by  ocean  currents,  extensive  coral- 
reefs  flourish ;  while  on  the  western  coasts,  in  corresponding  latitudes^ 
where  no  such  powerful  currents  flow,  only  isolated  patches  of  coral 
exist.  ^ 

Darwin  and  Dana  concluded  that  reef-building  corals  cannot  live  at 
depths  of  more  than  about  fifteen  or  twenty  fathoms ;  they  appear,  indeed, 
not  to  thrive  below  a  depth  of  six  or  seven  fathoms.  They  cannot  survive 
exposure  to  sun  and  air,  and  consequently  are  unable  to  grow  above  the 
level  of  the  lowest  tides.  They  are  likewise  prevented  from  growing  by 
the  presence  of  much  mud  in  the  water.  Various  observations  and 
estimates  have  been  made  of  the  rate  of  growth  of  coral.  Individual 
specimens  of  Mceandrmu.  have  been  found  to  increase  from  half  an  inch 
to  an  inch  in  a  year,  and  others  of  Madrepora  have  grown  three  inches 
in  the  same  time.^  Specimens  of  Orhicella^  Manicma  and  Isophyllia, 
taken  from  the  submarine  telegraph -cable  between  Havana  and  Key 
West,  showed  a  growth  of  from  one  to  two  and  a  half  inches  in  about 
seven  years.  A.  Agassiz  estimates  that  in  the  Florida  reef  the  corals 
could  build  up  a  reef  from  a  depth  of  seven  fathoms  to  the  surface  in 
1000  or  1200  years.**^  When  coral-reefs  begin  to  grow,  either  fronting 
a  coast-line  or  a  submarine  bank,  they  continue  to  advance  outward, 
the  living  portion  being  on  the  outside,  while  on  the  inside  the  mass 
consists  of  dying  or  dead  coral,  w^hich  becomes  a  solid  white  compact 
limestone.  In  the  coral  area  of  the  Pacific  there  are,  according  to  Dana, 
290  coral-islands,  besides  extensive  reefs  round  other  islands.  The 
Indian  Ocean  contains  some  groups  of  large  coral-islands ;  others  occur 
in  the  Red  Sea.  Reefs  of  coral  occur  less  abundantly  in  the  tropical 
parts  of  the  Atlantic,  among  the  West  Indian  Islands  and  on  the  Florida 
coast,  but  they  are  absent  from  the  Pacific  side  of  Central  America — a  fact 
attributed  by  Professor  Agassiz  not  to  a  cold  marine  current,  as  suggested 
by  Professor  Dana,  but  to  the  enormous  amount  of  mud  poured  into  the  sea 
Natural  Science,  Jan.  1899,  p.  17  ;  Professor  Boimey,  Nature^  Ivii.  p.  137  ;  op.  citAin.  (1898), 
pp.  22,  29 ;  Mrs.  Edgeworth  David,  ‘  Funafuti,  or.  Three  Months  on  a  Coral-island,’  London, 
1899  ;  E.  C.  Andrews  on  “The  Limestones  of  the  Fiji  I.slands,”  Bull.  Mua.  Comp.  ZooL 
Harvard,  xxxviii.  (1900),  p.  1 ;  R.  T.  Hill,  “The  (leology  of  Jamaica,”  oj?.  cit.  xxxiv.  (1899), 
pp.  1-256  ;  C.  W.  Andrews,  ^Christmas  Island,’  1900,  pp.  xiii.  337  (published  by  Trustees 
of  Brit.  Museum)  ;  Hume,  CJonqd.  rend.  Congres  (ieol.  hiternat.  Paris,  1900,  p.  923  (Red 
Sea) ;  J.  W.  Spencer,  Q.  J.  (i.  S.  Ivii.  (1901),  p.  490  (West  Indies). 

^  A.  Agassiz,  Amer.  Acad.  xi.  (1882),  p.  120. 

Dana,  ‘Corals  and  Coral  Islands,’  2ud  edit.  1890,  p.  123. 

Amer.  Acad.  xi.  (1882),  p.  129.  See  also  Bidl.  Mas.  (Amp.  Zool.  Harvard,  xx.  (1890), 

p.  61. 
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on  this  side  during  the  rainy  season.^  The  great  reef  of  Australia  is  1250 
miles  long  and  from  1  0  to  90  miles  broad.- 


Kij?  1H()  -  View  ul’iiii  Atoll  or  (Joral-isluiid. 


Coral-rock  is  not  entirely  formed  by  the  continuous  growth  of  the 


Pig.  1S7. — Chart  of  Keeling  Atoll,  Indian  Ocean  (after  Darwin). 

The  white  portion  represents  the  reef  above  sea-level,  the  inner  shaded  .space  the  lagoon,  of  which 
the  deepp.st  portion  is  marked  by  the  darker  tint. 

polyps.  It  is  largely  composed  of  calcareous  foraminifera,  which  are 

1  Bull  Mns.  Comjp.  ZooL  xAii.  (1892),  p.  70. 

-  See  the  ineinoir  by  A.  Agassiz,  and  the  volume  of  W.  Savile-Kent,  cited  on  p.  614,  and 
a  paper  by  H.  0.  Torbes,  Oeogmj^h,  Journ.  ii.  (1893),  p.  540. 
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washed  in  among  the  living  and  dead  coral. ^ 
It  gradually  loses  any  distinct  organic  struc¬ 
ture,  and  acquires  an  internal  crystalline 
character  like  an  ancient  limestone,  owing 
to  the  infiltration  of  water  through  its  mass, 
whereby  calcium-carbonate  is  carried  down 
and  deposited  in  the  pores  and  crevices, 
as  in  a  growing  stalactite  (p.  178).  Great 
quantities  of  calcareous  sand  and  mud  are 
];)roduced  by  the  breakers  which  beat  upon 
the  outer  edge  of  the  reefs.  This  detritus 
is  partly  washed  up  upon  the  reefs,  where, 
being  cemented  by  solution  and  re-deposit, 
it  aids  in  their  consolidation,  sometimes 
acquiring  an  oolitic  structure ;  -  but  much 
of  it  is  swept  away  by  the  ocean  currents 
and  distributed  over  the  sea-fioor,  the  water 
becoming  milky  with  it  after  a  storm.*^ 
Around  volcanic  islands  much  lava-detritus 
may  be  mixed  with  the  coral-sand  and  mud. 
Thus  at  Hawaii,  where  great  abrasion  by 
the  waves  takes  place  on  the  ends  of  the 
lava-streams  which  have  run  out  to  sea, 
large  (juantities  of  olivine  sand  are  formed, 
the  grains  of  this  mineral  varying  from  the 
size  of  a  bean  or  pea  downwards  to  the 
finest  particles.  This  sand  becomes  mixed 
with  the  coral  detritus,  and  is  also  inter- 
stratified  with  it  in  layers.^ 

^  tnippy,  ‘Solomon  Islands,’ p*  73;  Tmiin.  Ro}/. 
Soc.  Edin,  xxxii.  (1885),  pp.  545-581 ;  Lister,  J.  (L  K 
xlvii.  (1891),  p.  602. 

-  See  Dana’s  ‘Corals  and  Coral  Islands,’  pp.  152, 
194  ;  A.  Agassiz,  Mem.  Amer.  Acad.  xi.  (1882), 

p.  128. 

A.  Agassiz  mentions  that  after  a  storm  the  sea  is 
sometimes  discoloured  by  this  silt  to  a  distance  of  six 
to  ten  miles  from  the  outer  reef,  and  he  adds  that  he 
has  seen  between  two  and  three  inches  of  fine  silt 
deposited  in  the  interval  between  two  tides  after  a 
prolonged  storm  :  Amer.  Acad,  xi.  p.  126.  The  total 
area  of  sea-floor  covered  with  coral  sand  and  mud  is 
estimated  by  Messrs.  Murray  and  Irvine  at  3,219,800 
square  miles.  Proc.  Roy.  Soc.  Edui.  xvii.  (1889),  p.  82. 

W.  L.  Green,  Joutjl.  Roy.  (icoJ.  Soc.  Ireland,  iv. 
(1887),  p.  140.  This  author  suggestively  points  out 
the  resemblance  of  such  a  mingling  of  calcareous 
material  and  magnesian  silicate  to  the  mingled 


limestones,  serpentines  and  ophicalcites  of  the  crystalline  schists. 


JhiUin  Sue.  (1891),  p.  124. 


k 


IsS.  —Section  of  a  Coral-reef. 
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As  already  mentioned  (p.  390),  the  formation  of  coral-islands  has 
been  explained  by  Darwin  on  the  hypothesis  of  a  subsidence  of  the  sea¬ 
floor.  The  circular  islands,  or  atolls,  rising  in  mid-ocean,  have  the 
general  aspect  shown  in  Fig.  186.  Their  external  form  may  be  under¬ 
stood  from  the  chart  (Fig.  187),  and  their  structure  and  the  character  of 
their  surface  from  the  section  (Fig.  188).  They  rise  with  sometimes 
tolerably  steep  slopes  from  profound  depths,  until  they  reach  the  surface 
of  the  sea.  But  as  the  coral  polyps  do  not  live  at  a  greater  depth  than 
about  15  or  20  fathoms,  and  could  nob  have  grown  upward  therefore 
from  the  bottom  of  a  deep  sea,  Darwin  inferred  that  the  sites  of  these 
coral-reefs  had  undergone  a  progressive  subsidence,  the  rate  of  their 
upward  growth  keeping  pace,  on  the  whole,  with  that  of  their  depression. 
On  this  view,  what  is  termed  a  Fringing  Feef  (a  b,  Fig.  189)  would 
first  be  formed  fronting  the  land  (l)  between  the  limit  of  the  20-fathom 
line  and  the  sea-level  (s  s).  Growing  upward  until  it  reached  the  surface 
of  the  water,  it  would  be  exposed  to  the  dash  of  the  waves,  which  would 


BMg.  1811. — Diagram  illustrating  Darwin’s  theory  of  the  formation  of  Atolls. 


break  off  pieces  of  the  coral  and  heap  them  upon  the  reef.  In  this 
way  islets  would  be  formed  upon  it,  which,  by  successive  accumulations  of 
materials  thrown  up  by  the  breakers  or  brought  by  winds,  would  remain 
permanently  above  water.  On  these  islets,  palms  and  other  plants, 
whose  seeds  might  be  drifted  from  distant  or  adjoining  land,  would  take 
root  and  flourish.  Inside  the  reef,  there  would  be  a  shallow  channel 
of  water,  communicating,  through  gaps  in  the  reef,  with  the  main  ocean 
outside.  Fringing  reefs  of  this  character  are  of  common  occurrence  at 
the  present  time.  In  the  case  of  a  continent,  they  front  its  coast  for  a 
long  distance,  but  they  may  entirely  surround  an  island. 

If,  according  to  the  Darwinian  explanation,  the  site  of  a  fringing  reef 
undergoes  depression  at  a  rate  sufficiently  slow  to  allow  the  corals  to  keep 
pace  with  it,  the  reef  may  be  conceived  to  grow  upward  as  fast  as  the 
bottom  sinks  downward.  As  the  reef  grows  mainly  on  its  seaward 
edge,  the  lagoon  channel  inside  will  become  deeper  and  wider,  while,  at 
the  same  time,  the  depth  of  water  outside  will  increase  until  a  Barrur 
Reef  {a!  b'.  Fig.  189)  is  formed.  In  Fig.  190,  for  example,  the  Gambier 
Islands  (1248  feet  high)  are  shown  to  be  entirely  surrounded  by  an 
interrupted  barrier  reef,  inside  of  which  lies  the  lagoon.  Prolonged  slow 
depression  would  con^ually  diminish  the  area  of  the  land  thus  encircled, 
while  the  reef  might  retain  much  the  same  size  and  position.  At  last  the 
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final  peak  of  the  original  island  might  disappear  under  the  lagoon  (c,  Fig. 
189),  and  an  Atoll,  or  true  coral-island,  would  be  formed  (a"  a",  and  Figs. 
186  and  187).  Should  any  more  rapid  or  sudden  downward  movement 
take  place,  it  might  carry  the  atoll  down  beneath  the  surface,  like  the 
Great  Chagos  bank  in  the  Indian  Ocean,  which  is  a  submarine  atoll. 

This  simple  and  luminous  explanation  of  the  history  of  coral-reefs 
accorded  well  with  all  the  known  facts,  and  led  up  to  the  impressive 


Fig.  190.— Chart  of  Gaiubier  Islands,  Faciiic  Ocean  (after  Beeehy). 


conclusion  that  a  vast  area  of  tlie  Pacific  Ocean,  fully  6000  geographical 
miles  from  east  to  west,  has  undergone  a  recent  subsidence,  and  may  be 
slowly  sinking  still. 

Mr.  Darwin’s  views  having  been  generally  accepted  by  geologists, 
coral-islands  have  been  regarded  with  special  interest  as  furnishing 
proof  of  vast  oceanic  subsidence.  In  the  year  1868,  C.  Semper  pointed 
to  some  cases  of  atolls  which,  he  said,  could  not  be  explained  by 
Darwin’s  theory.  The  Pelew  Islands,  at  the  western  end  of  the  Caroline 
archipelago,  show  true  atolls  at  their  northern  extremity,  while  at 
their  southern  end,  only  60  miles  away,  there  are  raised  coral-reefs, 
and  an  island  entirely  destitute  of  reefs.  Semper  considered  that  the 
atolls  had  grown  up  under  the  influence  of  peculiar  conditions  of  marine 
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currents  and  erosion,  simultaneously  with  elevation  rather  than  sub¬ 
sidence.^  In  1870,  J.  J.  Rein  cited  the  case  of  Bermuda  as  one  capable 
of  explanation  by  upgrowth  of  calcareous  accumulations  from  the  bottom 
without  subsidence.-  Subsequently,  Sir  John  Murray,  whose  researches 
in  the  CJiallenger  Expedition  led  him  to  make  detailed  examination 
of  many  coral-reefs,  remarked  that  barrier-reefs  do  not  necessarily 
prove  su]3sidence,  seeing  that  they  may  grow  outward  from  the  land 


Fig.  liU.  Section  ufii  Volcaiiic  Cone  of  loose  ashes  supposed  to  have  been  thrown  up  on  the  sea-tloor 
and  to  have  reaelu'd  the  sea-le.vel  (/C). 

Upon  the  top  of  a  talus  of  their  own  debris  broken  down  by  the  waves, 
and  may  thus  appear  to  consist  of  solid  coral  which  had  grown  upward 
from  the  bottom  during  de^^ression,  although  only  the  upper  layer,  20 
fathoms  or  thereabouts  in  thickness,  is  composed  of  solid,  unbroken  coral 
growth.  lie  pointed  out  that  in  the  coral-seas  the  islands  appear  to  have 
always  started  on  volcanic  ejections,  at  least  that  all  the  n on-calcareous 
rock  now  visible  is  of  volcanic  origin.  Where  the  submarine  peak  lay 


Fig.  11)2. — Section  of  denuded iVolcaiiic  Island  with  lava  nucleus  and  surrounding  c-oral-rpef  (/>.). 

• 

below  the  inferior  limit  of  coral  growth,  it  may  have  been  broucdit  up 
to  the  requisite  level  by  the  gradual  accumulation  of  the  remains  of 
organisms.^  Where  the  original  eminence  rose  above  the  sea,  the  pro¬ 
jecting  portion  (Fig.  191)  may  he  supposed  to  have  been  cut  down  to 
the  lower  limit  of  breaker-action  (a  n),  so  as  to  offer  a  platform  on 
which  corals  might  build  reefs  {i  k)  up  to  the  level  of  high-water 
(b  h\  Or  with  less  denudation,  or  a  loftier  or  more  durable  cone,  a 
nucleus  of  the  original  volcano  might  remain  as  an  island  (Pig.  192), 
from  the  sides  of  which  a  barrier  reef  might  grow  outward,  on  a  talus 
of  its  own  ddbris  (/•  r),  and  maintain  a  steep  outer  slope.  According 

See  Semper’s  papervS  quoted  in  footnote  on  p.  614.  In  the  Appendix  to  the  second 
edition  of  his  ‘Coral  Keefs’  (p.  223)  Mr.  Darwin  replied  to  Semper’s  criticism,  iiiaintain- 
ing  that  his  objections  present  no  insuperable  ditliculty  in  the  theory  of  snhsidence. 

See  paper  cited  in  footnote  on  p.  614. 

^  “  A  submarine  peak,”  says  Professor  A.  Agassiz,  ‘‘is  built  up  by  the  carcases  of  the 
invertebrates  that  live  upon  it,  and  for  which  the  pelagic  fauna  serves  in  part  as  food,” 
Bull,  Mus,  C<ym,p.  Zunl.  Harvard,,  xvii.  No.  3  (1889),  p.  127. 
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to  this  view  the  breadtli  of  a  reef  ought,  in  some  degree,  to  ])e  a 
measure  of  its  antiquity. 

To  the  obvious  objection  that  this  explanation  requires  the  existence 
of  so  many  volcanic  peaks  just  at  the  proper  depth  for  coral-growth,  and 
that  the  number  of  true  atolls  is  so  great.  Sir  dohn  Murray  replies  that 
in  several  ways  the  limit  for  the  commencement  of  coral-growth  may  be 
reached.  Volcanic  islands  may  be  reduced  by  the  waves  to  mere  shoals 
(Fig.  191),  like  Graham’s  Island,  in  the  Mediterranean,  and  the  recent 
volcanic  islands  in  the  Tonga  group  above  described  (p.  334).*  On  the 
other  hand,  submarine  volcanic  peaks,  if  originally  too  low,  may  con¬ 
ceivably  be  brought  up  to  the  coral-zone  by  the  constant  deposit  of  the 
detritus  of  marine  life  (foraminifera,  radiolaria,  pteropods,  cK:c.),  which,  as 
above  stated,  is  found  to  be  very  abundant  in  the  upper  waters,  wh(ince 
it  descends  as  a  kind  of  organic  rain  into  the  depths.  Sir  John  Murray 
holds  also  that  the  dead  coral,  attacked  by  the  solvent  action  of  the  sea¬ 
water,  is  removed  in  solution  both  from  the  lagoon  (which  nmy  thus  be 
deepened)  and  from  the  dead  part  of  the  outer  face  of  the  reef,  which 
may  in  this  way  acquire  greater  steepness.*^ 

Professor  A.  Agassiz  has  arrived  at  similar  conclusions  from  an 
extensive  series  of  detailed  explorations  among  the  coral-reefs  find  sub¬ 
marine  banks  of  the  West  Indian  seas  and  the  Pacific  Ocean,  and  the 
Great  Barrier-reef  of  Australia.'^  He  believes  that  barrier-reds  and 
atolls  have  arisen  without  the  aid  of  subsidence,  upon  a  platform 
pared  for  them  by  the  upward  growth  of  submarine  calcareous  banks, 
under  the  most  favourable  condition  of  ocean  -  currents,  ieinpcjratui’c, 
and  food. 

Observations  have  now  multiplied  which  prove  that  in  many  places  wlieni  atolls 
exist  there  has  unquestionably  been  a  movement  of  u])h(‘aval.  ( ’orrohnraiin^  iln^ 
original  deductions  of  Semper  and  Reiu,  Professor  Aga.ssij^  has  shown  that  in  th(^ 
Pacific  Ocean  upheaval  has  extended  over  the  whole  of  th(‘.  Fiji  groiij»,  whe-n^  it  has 
exceeded  1000  feet  in  amount,  and  has  uplifted  a  ina.sH  of  T(irtiary  (mrallihirouH  linui- 
stone,  which  in  the  Tonga  islands  forms  a  cliff  more  than  1000  fc.cl;  high.  Ho  lias 
observed  that  the  islands,  w'here  not  volcanic,  are  nia,inly  nuuhi  uj)  of  this  limc.stoiK*, 
which  must  at  one  time  have  had  a  wide  extent,  and  that  in  tin*.  Tonga,  Society  atid 
Cook  groups  the  recent  corals  have  played  no  j)art  in  the  formation  of  the  land,  hut 
form  a  mere  thin  crust  or  shell  on  platforms  which  have,  been  levelled  for  llumi  l»y  the 
sea,  either  in  the  Tertiary  limestone,  or  in  volcanic  ro(;ks.'‘  Be  has  noted  abundant 
terraces  marking  former  shore-lines  at  .successive  eb'-vations.  On  the  island  of  Niiut 
(or  Savage  Island),  to  the  east  of  the  Tonga  group,  three  such  tcTrae.c^s  ocieuir  at  h(nghl,H  of 
5  to  10,  50  to  dO,  and  90  to  100  feet,  while  far  to  the  north,  on  the  iHland  of  Rota,  at  the 

^  Sir  W.  J.  Wharton  (Nature,  Iv.  1897,  p.  390)  believes  that  the.  .sea  ean  c.ut  down  a 
volcanic  cone  to  below  20  fathoms,  and  that  in  this  way  volcanu;  peaks  which  nuieluu!  sea- 
level  may  be  reduced  to  the  depth  retpiired  for  coral -growth.  For  (‘.xamples  of  the  rapid 
levelling  down  of  new  volcanic  cone.s  hy  the  waves  and  the  reduction  of  an  island  to  a 
sunken  reef,  see  ante,  p.  333  et  seq. 

2  proa.  Roy.  Soc.  Edin.  1880,  p.  .505,  ante,  p.  566.  A.s  already  .stated,  I'rofeHHor  Agas.si/, 
also  attributes  great  importance  to  this  solvent  power  of  tlie  sea  in  lowering  ilu',  level  of  dead 
coral-reefs  and  limestones.  Bull.  Mus.  (Jomq).  Zool.  xxviii.  (1896),  p.  39. 

See  the  list  of  his  contributions  to  the  subject  cited  on  p.  614. 

^  Mem.  Mus.  Omiq).  Zool.  Harvard,  xxvi,  (1902),  j).  34. 
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southern  end  of  the  Ladroiies,  no  fewer  tliaii  seven  may  be  counted^  Professor  Agassiz 
shows  that  atolls  do  not  always  rise  from  profound,  depths,  hut,  as  in  the  case  of  the 
Piji  group,  may  be  formed  on  the  top  of  eminences  rising  from  a  sahmariiie-  platform, 
which  may  not  be  more  than  800  fathoms  beneath  sea-level.-  He  has  found  likewise 
proofs  of  elevation  along  the  coast  of  Queensland  fronting  the  Barrier-reef,  where 
for  a  distance  of  more  than  lOOO  miles  the  uprise  is  said  to  exceed  2500  feet.  In 
the  ISlew  Hebrides  upraised  coral-reefs  have  been  met  with  at  1500  feet  above  sea-level.^ 
As  already  stated  (p.  382),  evidence  of  elevation  of  coral-reefs  has  likewise  been  collected 
from  the  Solomon  Islands and  from  Southern  Japan.  It  would  thus  appear  that  wide¬ 
spread  traces  of  upheaval  have  been  met  with  all  over  the  Pacific  basin,  which  has  been 
claimed  as  especially  a  region  of  subsidence. 

Similar  testimony  lias  been  gathered  in  the  western  part  of  the  Atlantic  basin,  with 
its  connected  enclosed  seas.  Thus  the  whole  of  the  West  Indian  region,  except  the 
leeward  side  of  the  Windward  Islands,  displays  on  its  numerous  coral-fringed  islands  a 
succession  of  terraces  which  mark  an  interrupted  and  unequal  elevation  of  the  sea- 
bottom.  In  Barbados  the  uplift  has  amounted  to  nearly  1100  feet.  Hear  the  Wind¬ 
ward  Passage  it  is  at  least  600  feet,  and  it  diminishes  thence  towards  the  north,  south 
and  west,  being  only  a  few  feet  at  Colon,  and  in  Southern  Florida.'^ 

Again,  in  the  Indian  Ocean  and  the  Eed  Sea,  proofs  of  the  elevation  of  coral-reefs 
present  themselves.  The  most  striking  example  yet  recorded  from  this  region  is  that 
of  Christmas  Island,  which  ajipears  to  be  a  volcanic  cone  15,500  feet  high,  of  which  the 
upper  1100  feet  rise  above  the  level  of  the  sea.  The  volcanic  2)ile  lias  been  covered  with 
a  mass  of  Tertiary  limestone,  in  which  the  latest  lavas  and  tuffs  of  the  submarine 
volcano  are  intercalated.  The  summit  of  the  island  is  covered  with  reef  deposits,  and 
is  believed  to  have  been  an  atoll.^‘ 

"From  this  accumulation  of  evidence,  it  must  now,  I  think,  he  conceded 
that  the  widespread  oceanic  subsidence  demanded  by  Darwin’s  theory 
cannot  be  demonstrated  by  coral-reefs.  The  co-existence  of  fringing  and 
barrier-reefs,  and  of  atolls,  in  the  same  neighbourhood  with  proofs  of 
protracted  stability  of  level  or  with  evidence  of  actual  and  considerable 
upheaval,  likewise  the  successive  stages  whereby  a  true  atoll  may  be 
formed  without  subsidence,  have  in  some  cases  been  demonstrated  so 
clearly  that  we  must  admit  the  possibility  that  the  same  mode  of  forma¬ 
tion  may  extend  all  over  the  coral-seas.  At  the  same  time,  it  may  be 
granted  that  the  necessary  conditions  for  the  formation  of  barrier-reefs 
and  atolls  might  sometimes  be  brought  about  by  subsidence.  So  long  as 
a  suitable  bottom  is  provided  for  coral-growth  it  is  probably  immaterial 
whether  this  is  done  by  the  submergence  of  land  or  by  the  ascent  of  the 
sea-fioor.  That  subsidence  has  in  some  cases  taken  place  may  be  indicated 
by  the  depth  of  some  atoll-lagoons — 40  fathoms, — unless  this  de[)th  can 
be  supposed  to  be  due  to  solution  by  sea-water,  and  not  to  the  progressive 
deepening  during  a  subsidence  with  which  the  upward  growth  of  the 
reef  could  keep  pace. 

1  Op.  cit.  p.  42.  2  20,  21. 

^  G.  C.  Frederick,  Q.  J.  G,  A  xlix.  (1893),  p.  227. 

See  works  of  Dr.  Guppy,  cited  on  pp.  382,  614. 

A.  Agassiz,  BuU.  Mks.  Cum2J.  Zuul.  Ilarmnl,  x.^vi.  (1894),  pp.  108-166  ;  Hill,  op.  cit. 
xxxiv.  p.  219  ;  J ukes-Browne  and  Harrison,  (p  J.  G.  A.  xlvii.  p.  209. 

^  C.  W.  Andrew.?,  ‘A  Monograph  of  Christmas  Island,  Indian  Ocean,’  published  Ijy 
the  British  Museum,  1900  ;  and  ante,  p.  338. 
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Obviously,  if  the  doctrine  of  subsidence,  as  taught  by  Darwin,  were 
true,  it  would  imply  the  accumulation  of  enormously  thick  coral  forma¬ 
tions  over  the  vast  areas  of  the  ocean-basins.  It  was  long  ago  objected 
to  this  doctrine  by  one  of  the  shrewdest  geologists  of  last  century  that  its 
acceptance  implied  the  existence  of  such  formations  at  least  2000  or 
3000  feet  thick;  that  if  such  masses  are  forming  now,  they  may  be 
presumed  to  have  been  produced  also  in  earlier  geological  times,  but 
that  nowhere  on  the  land  which  represented  a  former  sea-bottom  had 
any  bed  or  formation  of  coral  even  500  feet  thick  been  discovered.^ 
Lyell,  in  answering  this  criticism,  remarked  that  while  it  was  premature 
to  assert  that  there  are  no  recent  coral  formations  uplifted  to  great 
heights,  there  exist  in  the  Alps  and  Pyrenees  masses  of  “  Cretaceous 
and  Oolitic  limestones,  3000  or  4000  feet  thick,  in  great  part  made  up 
of  coralline  and  shelly  matter,  which  may  present  us  with  a  true  geological 
counterpart  of  the  recent  coral-reefs  of  equatorial  seas.”  -  But  observations 
have  multiplied  in  recent  years,  and  Maclaren’s  acute  objection  has  been 
sustained.  It  has  been  ascertained,  where  coral-reefs  have  been  upraised 
for  hundreds  of  feet  above  sea-level,  that  the  whole  of  the  calcareous 
mass  is  not  coral  rock,  but  consists  mainly  of  a  lower  formation  of 
calcareous  detrital  materials,  on  which  the  corals  have  begun  to  build, 
exactly  as  postulated  by  Messrs.  Murray  and  Agassiz.  This  calcareous 
substratum  may  be  recent  or  of  Tertiary  age.  In  Fiji,  where  it  has 
been  upraised  to  more  than  1000  feet  above  the  sea,  it  is  probably 
Pliocene,  or,  in  the  lower  parts,  even  older.  As  the  modern  coral-reefs 
have  been  built  on  a  denuded  surface  of  this  older  limestone,  it  is  obvious 
that  any  l^oring  through  the  modern  reef  in  such  islands  must  pass 
through  a  great  thickness  of  limestone,  in  which  a  few  corals  may  occur, 
before  it  reaches  the  underlying  volcanic  summits.  Hence,  as  Professor 
Agassiz  has  pointed  out,  the  recent  boring  at  Funafuti  will  not  really 
solve  the  problem  of  atoll -formation.  Nowhere  have  the  sheets  of 
upraised  coral-reefs  been  found  to  be  more  than  200  to  250  feet  thick, 
which  may  be  assumed  to  be  the  maximum  thickness  of  the  reefs  that 
are  now  growing.  On  the  Florida  ''Keys,”  where  a  recent  coral-reef 
has  been  elevated  from  2  to  8  feet  above  sea-level,  the  total  thickness 
of  coral  formed  since  Pliocene  time  has  only  been  about  50  feet.  The 
reef  is  based  on  Tertiary  limestone.  Be-examination  of  the  limestones 
of  the  Eastern  Alps,  which  were  regarded  as  true  coral-reefs,  upwards 
of  2000  feet  thick,  has  proved  them  to  be  of  detrital  origin,  the  true 
reefs  being  not  more  than  150  feet  thick.'^ 

— The  bed  of  the  Atlantic  and  other  oceans  is  covered  with  a 

^  Oliarles  Maclareii,  Edin.  Xew  Phil.  /ourn.  1843. 

-  ‘Principles,’  edit.  1886,  ii.  p.  606. 

Agassiz,  Bull.  Mus.  (jomj).  ZooL  llarmnl,  xxvi.  p.  179  ;  xxviii.  (1896),  p.  31  ;  Amer. 
Joitrn.  iSd.  vi.  (1898),  p.  165.  llotlij)leiz,  ‘Ein  geologisclier  Quersclniitt  durch  die  Ost- 
Alpen,’  Stuttgart,  1894,  part  i.  pp.  52-68.  Miss  Ogilvie  {(/eoL  Mag.  1894,  pp.  1,  49),  in 
describing  the  coral-banks  among  the  limestones  of  the  Southern  Tyrol,  has  stated  that,  in  so 
far  as  they  bear  on  theories  of  coral-reefs,  they  lend  support  to  the  more  modern  view  rather 
than  to  that  of  Darwin. 
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calcareous  ooze  formed  of  the  remains  of  Forcminifera,  chiefly  species  of  the 
genus  Glohigerimi.  It  has  been  observed  that  in  these  deep-sea  deposits, 
the  larger  and  relatively  thinner  pelagic  shells  are  rare  or  absent  at  greater 
depths  than  2000  fathoms,  while  the  thicker- shelled  varieties  abound. 
This  has  been  referred  to  the  solvent  action  of  sea- water,  whereby  the 
more  fragile  forms  are  attacked  and  removed  in  solution  (ante,  pp.  566,  621). 
These  organisms  do  not  live  in  the  deepei*  water,  hut  in  the  upper  layers, 
whence  their  dead  forms  fall  as  a  constant  rain  of  calcareous  matter  to 
the  bottom.  Among  abysmal  deposits,  foraminiferal  ooze  ranks  next  in 
abundance  to  the  red  and  grey  clays  of  the  deep  sea  (p.  583).  It  is  a 
pale -grey  marl,  sometimes  red  from  peroxide  of  iron,  or  brown  from 
peroxide  of  manganese ;  and  it  usually  contains  more  or  less  clay,  even 
vdth  occasional  fragments  of  pumice.  It  covers  an  area  of  the  North 
Atlantic  probably  not  less  than  1300  miles  from  east  to  west,  by  several 
hundred  miles  from  north  to  south.  The  total  area  of  ocean -bottom 
occupied  by  globigerina-ooze  is  estimated  at  47,752,500  square  miles, 
the  mean  depth  of  the  surface  of  the  deposit  below  sea-level  is  computed 
to  be  1996  fathoms,  and  the  mean  proportion  of  carlionate  of  lime  in 
the  ooze  64*53  per  cent.^ 

The  consolidation  of  a  soft  calcareous  ooze  or  a  mass  of  broken  shells,  corals  and 
other  calcareous  organisms,  eifeeted  by  the  percolation  of  water  containing  carbonic 
acid  {ante,  pp.  178,  617),  is  most  rapid  with  copious  evaporation,  as,  for  instance, 
on  coral-reefs  where  exposure  to  the  air  in  the  interval  between  two  tides  suffices  for 
the  deposit  of  a  thin  crust  of  hard  limestone  over  a  surface  of  broken  coral  or  coral- 
sand.^  Eecently  upraised  limestone  and  coral-rock  have  in  some  places  assumed  a 
crystalline  structure  by  this  process,  and  the  more  delicate  organisms  have  disappeared 
from  them.  But  the  calcareous  deposits  may  acquire,  even  under  the  sea,  sufficient 
cohesion  to  be  capable  of  being  broken  up  into  blocks.  On  the  submarine  plateau  off 
Florida,  the  trawl  or  dredge  frequently  brings  up  large  fragments  of  the  limestone  now 
in  course  of  formation  on  the  bottom,  consisting  of  the  dead  carcases  of  the  very  species 
that  live  upon  the  surface  of  the  growing  deposit.'^ 

2.  Siliceous. — Deposits  formed  from  animal  exuvise  are  illustrated 
by  another  of  the  deep-sea  formations  brought  to  light  by  the  Challenger 
researches.  In  certain  regions  of  the  western  and  middle  Pacific  Ocean, 
the  bottom  was  found  to  be  covered  with  an  ooze  consisting  almost 
entirely  of  Badiolaria.  These  minute  organisms  occur,  indeed,  more  or 
less  abundantly  in  almost  all  deep  oceanic  deposits.  From  the  deepest 
sounding  taken  by  the  Challenger  (4475  fathoms,  or  more  than  5  miles) 
a  radiolarian  ooze  was  obtained  (Fig.  193).  The  spicules  of  sponges 
likewise  furnish  materials  towards  these  siliceous  accumulations.  The 
number  of  marine  plants  and  animals  which  secrete  silica  is  so  great, 
and  the  proportion  of  that  constituent  in  sea-water  so  minute,  that  some 

^  Murray  and  Irvine,  Froc.  Ruy.  Soc.  Edin.  xvii.  (1889),  p.  82. 

-  A.  Agassiz,  A^ner,  Acad.  xi.  (1882),  p.  128. 

A.  Agassiz,  op.  cit,  p.  112.  Some  of  the  upraised  oceanic  deposits  of  Barbados,  accord¬ 
ing  to  Messrs.  Jukes-Browne  and  Harrison  {Q.  J.  (L  S.  xlviii.  p.  170),  present  a  close  re¬ 
semblance  to  those  ascertained  by  dredging  to  be  seen  in  progress  of  accumulation  in  deep 
parts  of  the  ocean.  For  a  comparison  of  globigerina-ooze  witli  chalk,  see  L.  Cayeux’s  work 
(cited  on  p.  106),  chap.  xiii. 
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difficulty  has  been  felt  to  account  satisfactorily  for  the  vast  quantities  of 
silica  continually  being  abstracted  from  the  ocean  by  organic  agencies. 
Messrs.  Murray  and  Irvine,  however,  as  already  stated,  have  shown  that 
an  appreciable  amount  of  fine  clay  is  present  even  in  the  water  of  mid¬ 
ocean,  and  they  have  ascertained  by  actual  experiments  with  living 
diatoms  that  these  plants  can  obtain  their  silica  from  diffused  clay  in 
suspension.^ 


Fig.  193. — Radiolarian  Ooze. 

Dredged  up  by  the  Chalk mjci'  Expedition,  from  a  depth  of  4475  fathoioH,  in  lat.  11“  24'  N.,  long.  143“  10  E. 

Miignilied  lOO  diaineter.s.  This  is  from  the  deepest  abyss  wlience  organisms  have  yet  been  dredged. 

Abundant  examples  of  siliceous  strata  (cherts,  flints),  formed  by  the  aggregation  of 
tlie  reiuaiiis  of  radiolaria  or  sponge-spicules,  occur  among  the  rocks  of  the  earth’s  crust 
from  the  Cambrian  system  upward.  They  show  that  the  process  of  silicification, 
already  alluded  to  {ante,  p.  179),  comes  into  play  in  such  deposits,  which  consist  not 
merely  of  the  siliceous  organisms  but  of  silica,  which  has  been  deposited  among  them, 
and  has  cemented  them  into  an  exceedingly  compact  stone. ^  In  many  cases  silica  lias 
re])laced  the  original  carbonate  of  lime  of  the  organisms,  which  are  thus  preserved  as 
casts  or  pseudomorphs  in  flint  or  chert.  This  transformation  has  been  demonstrated 

^  Murray  and  Irvine  on  siliceous  deposits  of  modern  seas,  Proc.  lioif.  Sac.  Mdin.  xviii. 
(1891),  p.  229,  and  mite,  p.  575. 

-  Examples  of  some  of  these  ancient  siliceous  strata  will  he  cited  in  Book  VI.  In 
illustration,  reference  may  he  made  to  a  paper  by  Professor  Sollas,  Ann.  Mag.  Nat.  Hist. 
1880,  pp.  384,  437  ;  and  a  later  paper,  “A  Contribution  to  the  Natural  History  of  Flints,” 
Peoc.  Roy.  Ruhlrn.  Roc.  1887  ;  to  three  by  Dr.  Hiiide,  Phil.  Trans.  1885,  part  ii.  p.  403  ; 
(leol.  Mag.  1887,  ]>.  435  ;  1888,  p.  241  ;  to  one  on  rhythmically  thin-bedded  radiolarian 
cherts  in  California,  by  Messrs.  A.  C.  Lawson  and  C.  Palache,  Bull.  (Jeol.  (Jniv.  California, 
vol.  ii.  No.  12  (1892),  pp.  349-450  ;  and  to  the  discussion  of  the  subject  by  M.  Cayeux  in 
chaps,  i.-iii.  of  his  work  cited  on  p.  106. 
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artificially  by  Professor  Church,  who  in  a  dilute  solution  of  colloid  silica  converted  a 
coral  into  silicaP  There  can  be  no  d.oubt  that  on  the  floor  of  the  Cambrian,  Carboniferous 
and  Cretaceous  seas  this  transformation  went  on  abundantly,  the  carbonate  of  lime 
being  slowly  dissolved  and  replaced  by  silica,  sometimes  in  such  detailed  perfection 
that  the  original  minute  structures  of  the  organisms  have  been  well  preserved.  It 
must  be  admitted,  however,  that  no  modern  flints,  either  complete  or  in  course  of 
formation,  have  yet  been  dredged  up  from  the  bed  of  the  sea  at  the  ])resent  day. 

3.  Phosphatic. — Deposits  of  this  nature,  in  the  great  majority  of 
eases,  betoken  some  of  the  vertebrate  animals,  seeing  that  phosphate 
of  lime  enters  largely  into  the  composition  of  their  bones,  and  occurs  in 
their  excrement  (p.  180).  The  most  familiar  modern  accumulations  of 
this  nature  are  the  guano-beds  of  rainless  islands  off  the  western  coasts  of 
South  America  and  Southern  Africa.  In  these  regions,  immense  flocks 
of  sea-fowl  have,  in  the  course  of  centuries,  covered  the  ground  with  an 
accumulation  of  their  droppings  to  a  depth  of  sometimes  30  to  80  feet, 
or  even  more.  This  deposit,  consisting  chiefly  of  organic  matter  and 
ammoniacal  salts,  with  about  58  per  cent  of  phosphate  of  lime,  has 
acquired  a  high  value  as  a  manure,  and  is  being  rapMly  cleared  off. 
It  could  only  have  been  preserved  in  a  rainless  or  almost  rainless  climate. 
In  the  west  of  Europe,  isolated  stacks  and  rocky  islands  in  the  sea  are 
often  seen  to  be  white  from  the  droppings  of  clouds  of  sea-birds  ;  but  it 
is  merely  a  thin  crust,  which  is  not  allowed  to  grow  thicker  in  a  climate 
where  rains  are  frequent  and  heavy. 

It  has  been  discovered  that  the  pi'olonged  existence  of  guano  upon  trachyte  gives  rise  to 
a  remarkable  alteration,  wherein  the  silicic  acid  is  gradually  replaced  by  phosphoric  acid. . 
The  result  is  the  formation  of  a  hydrated  phosphate  of  alumina  and  iron.  In  this 
process  of  phosphatisation,  Mr.  Teall,  who  traced  its  stages  from  specimens  obtained 
from  Clipperton  Atoll,  found  that  while  the  characteristic  microscopic  structure  of  the 
volcanic  rock  is  preserved,  and  the  phenocrysts  of  sanidine  have  remained  coinpai*ativ(fly 
little  affected,  the  ground  mass  is  replaced  by  isotropic  secondary  material,  which  in 
some  cases  has  wholly  or  partially  filled  the  places  of  the  sanidines,  forming  a  pscudo- 
morph  of  trachyte.^  The  interstitial  material  of  the  rock  is  first  attacked,  then  the 
microlitic  felspars  of  the  ground-mass,  and  last  of  all  the  porphyritic  sanidines,  A 
similar  instance  of  phosphatisation  has  been  found  on  the  summit  of  Christmas  Island 
in  the  Indian  Ocean.  Thick  deposits  of  nearly  pure  phosphate  of  lime  cap  several  ol 
the  higher  hills,  and  doubtless  represent  the  effects  of  percolation  from  the  deposits  of 
guano  which  aocumulated  on  the  low  coral-islets  close  to  sea-level  before  the  atoll  was 
uplifted.  On  one  of  the  hills  the  rock  consists  largely  of  phosphates  of  alumina  and 
iron,  which  may  mark  the  position  of  a  volcanic  sheet,  such  as  one  of  tuff,  like  those 
found  on  lower  parts  of  the  island.*^  Hydrated  phosphate  of  alumina  has  likewise  becui 
found  on  the  floor  of  a  bone-cave  in  the  valley  of  the  Cesse  in  Herault,  under  a  deposit 
containing  mammalian  remains.^  It  is  obvious,  indeed,  that  wherever  terrestrial 
mammalia  congregate,  and  especially  where  they  die  and  leave  their  carcases,  phosphatic 
deposits  may  be  formed  if  the  conditions  are  favourable  for  the  preservation  of  the 
remains.  Caves  haunted  by  hyjenas  serve  as  receptacles  not  only  for  the  honnH  and 
excrement  of  these  animals,  but  also  for  bones  of  the  various  animals  which  they 

^  Journ,  Chem.  Soc.  xv.  p.  107. 

2  J.  J.  H.  Teall,  Q.  J.  G.  S,  liv.  (1898),  p.  230. 

^  C.  W.  Andrews,  ‘  Christmas  Island,’  pp.  271,  289. 

^  A.  Gautier,  Coin/pL  rend.  cxvi.  (1893),  p.  1491.  Depo.sits  in  Kedonda,  West  Indies, 
and  at  Connetable,  an  island  off  French  Guiana,  have  probably  had  a  similar  origin. 
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have  dragged  there  as  food.  Hence  in  limestone  countries  “osseous  breccias”  are  often 
found  below  the  layer  of  stalagmite  on  the  floor.  Again,  along  the  swampy  margins  of 
lakes  and  salt-marshes  the  bodies  of  wild  animals  are  often  mired  in  the  boggy  ground 
and  perish  there,  and  their  bodies  gradually  sink  below  the  surface.  Hence  phosphatic 
accumulations  arise  sometimes  on  an  extensive  scale,  as  has  happened  in  different  parts 
of  the  United  States.^ 

Phosphatic  concretions,  which  are  abundant  on  many  horizons  among 
the  geological  formations,  have  had  their  origin  greatly  elucidated  by  the 
deep-sea  observations  of  recent  years.  It  has  been  ascertained  that 
phosphate  of  lime  occurs  in  variable  proportions  among  the  deposits  of 
the  sea -floor.  In  the  organic  oozes  it  is  always  present,  though  the 
quantity  may  be  less  than  1  per  cent.  It  has  been  found  in  marked 
proportion  among  the  deposits  around  continental  shores,  and  is  especially 
associated  with  glauconite  in  the  green  sands  and  blue  muds.  But  it  is 
likewise  aggregated  into  irregularly  shaped  brownish  concretions  .that 
vary  from  1  to  3  centimetres  in  greatest  diameter,  and  may  exceptionally 
attain  to  from  4  to  6  centimetres.  It  has  doubtless  been  directly  derived 
from  the  remains  of  organisms,  under  the  joint  influence  of  organic  matter 
and  sea-water.  Eeduced  to  the  condition  of  silt,  and  dissolved  in  the 
sea- water,  it  may  he  supposed  to  be  endowed  with  the  properties  of 
colloidal  bodies,  such  as  hydrated  silica,  and  to  be  ready  to  be  precipitated 
round  any  fitting  centre  of  accretion.-  There  can  be  little  doubt  that 
the  phosphatic  chalk  of  France,  Belgium  and  England  has  had  this  origin. 
Grains  and  concretions  of  phosphate  are  found  filling  the  interior  of  shells 
and  foraminifera,  or  gathering  round  an  organic  nucleus,  filling  up  its 
cavities,  and  in  many  cases  replacing  the  original  carbonate  of  lime.^ 

4.  Glauconitic.— The  occurrence  of  glauconite  abundantly  diffused 
through  some  deep-sea  accumulations  has  been  already  referred  to. 
It  occurs  in  small,  black,  dark-green  grains,  which  rarely  if  ever  exceed 
1  mm.  in  diameter,  and  likewise  in  particles  of  a  pale-green  colour,  which 
distinctly  bear  the  impress  of  the  calcareous  shells  of  foraminifera.  Many 
of  them  are  indeed  merely  internal  casts  of  these  organisms.  Glauconite 
is  thus  frequently  associated  with  calcareous  organisms  on  the  present 
sea-floor.  It  was  obtained  by  the  Challenger  Expedition  in  greater  or  less 
abundance  off  the  coast  of  Portugal,  the  west  coast  of  Africa,  the  east 
coast  of  North  America,  the  Cape  of  Good  Hope,  the  Antarctic  Continent, 
the  coasts  of  Australia  and  New  Zealand,  the  coasts  of  the  Philippines, 
China  and  Japan,  and  the  west  coast  of  South  America,  while  by  other 
expeditions  it  has  been  observed  in  the  Mediterranean,  off  the  north 
coast  of  Scotland,  the  west  coast  of  North  America,  the  east  coast  of 
Africa  and  many  other  regions.  Connected  with  the  mineral  detritus 
derived  from  the  land,  as  might  be  expected  from  its  geological  distribu¬ 
tion,  it  appears  to  be  formed  more  especially  in  the  cavities  of  calcareous 

1  See  Penrose,  B.  U.  S.  O.  S.  No.  46  (1888),  p.  127.  C.  W.  Hayes,  IWi  Ami.  Hep. 
XI.  S.  0.  S.  part  ii.,  and  21st  Rep.  part  iii. 

Murray  and  Eenard,  “Deep-Sea  Deposits,”  in  Challenger  Reports^  pp.  391-398. 

^  A.  Renard,  J.  Cornet  and  A.  Stralian,  in  their  nienioirs  already  cited,  ante,  p.  181. 
See  also  Bleicher,  B.  S.  (X.  F.  3rd  ser.  xx.  (1892),  p.  237. 
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orgimism.s,  wh(*rt‘.  itn  initial  KtagCH  pnaa’piiation  arc*  infiut'iircai  hy  f|it‘ 
action  of  organic  niattcrJ  (Uauconitc^  in  tin*  ty|m‘al  granular  fccnn 
widely  diHtrihutcai  among  tin*  gc*ccIogi<*al  foniiatioiiH  from  tin*  oldcMt 
Falmozok*  to  the?  nnwt  rc*cc‘nt  ntrata. 

f>,  DtJpccHitH  cef  Sulplu(i(‘H.  R<*f(‘rf*nci‘  han  airc’ady  hc«*n  iiiadi* 
p.  -IT)  to  tin*  r(*inarkahh^  almnclain*i*  of  HCtlplaircIfini  liyilrc»gf‘n  in 
the  deeper  wat<*rH  of  tin*  BIac*k  Sc*a^  and  to  the  c’cauinctioii  of  itn  appear 
arnte  with  tin*  ac'tnm  of  inic*rolM*H.  thn*  of  thcHc*  orgiini.Hiii*^  ^  mtn 

hiff/rosulphi/ndim  ptmlkinn)  in  tin*  aiiinrohic  c*caidilionH  of  tin*  deeper  ;uid 
denK(*r  portionn  of  this  grc‘at  f‘nrhcHc*d  hcii  diseiigagcH  tin*  hidpliiirclfed 
hydrogen,  not  only  fnnii  decoiiipow ng  organic  niatt<*i\  hut  ako  dircrlly 
from  tln^  diBWilved  «ulphate«  and  rndphidcs.  A  poriimi  only  of  tlm  gun 
Kpnmds  through  the  waterw,  ancjther  pari  takc*H  up  irem  ami  foritiH  the 
ahnndant  pyritonn  depoKitH  that  arc*  found  o\er  the  floor  of  the 
whiles  in  the  upper  watern  it  i«  helieved  tcc  he*  oxidis'd  hy  aiioihi'r  trihe 
of  inieroheH  cu*  Hulfcehaderia.*'  I’In*  hulplnde  of  iron  in  iitef  wifli  in  tin* 
hhie  nnid  and  other  HediimmtK  of  the  hotfoiii  in  ifje  i4|iap«*  of  inifiiiif* 
glolndar  grairw  Konicdimc*^  aggregated  into  largcn  HpIieriilcH  or  **loiiga!ed 
irregular  hnuichitig  fontiH.  The  anahegy  of  jniieh  fh^poHil.H  with  flie 
pyritouH  nhalcH  and  elayn  of  many  *»ld  geological  foriiiaiioiit^A-i  of  iiuieii 
intercHt  and  impcutance. 

h.  Earthy  DepoHitH.*— lk*«ideH  the  action  of  the  coiiiiiion  f'lirtli  woiiii 
in  bringing  up  finely  dividend  noil  to  the  surface  of  I  tie  groiiiiil 
600),  other animalH  funuHh  still  more  ohlnisiv'e  exiiiiipIcHof  itm  triurftjifiri 
of  earthy  materials.  Amcmg  these  the  ants  liii%*e  long  lieiut  familiar 
for  the  tranKformaticuiH  whicii  they  pn»duci*  on  the  siirfiire  of  a  di»4iirl 
in  which  their  colonieH  a.hound,  'fhey  pile  up  iimiiipk  of  fine  earllu 
partieleB  of  sRuie  and  fragment s  of  vegetelioii,  wliiefi  in  teiii|ieriife 
latituden  may  vary  from  a  few  inelu^s  to  wnenil  fe*»f  in  heiglif,  hiif  iiliirh 
in  tropical  eountries,  such  as  Ilra/ik  reaeli  a  height  of  fotirleiui  fiaU  iiitli 
a.  hrccadth  of  thirty  feet  aenwH  at  flic  Not.  mily  lio  ilii* 

transport  the  material  from  one  |mrt  id  the  siirfiici!  to  limit  tier*  luif  lliey 
hurrovv  among  tlm  de€ayc*d  rockic,  wliicli  iii  noiiie  Iropiriil  leginiis  are 
deeomj>oHc»d  with  c’ompariitive.  rapidity.  Mr,  Itoie# 

madcc  hy  ihetm  to  a  depth  of  ten  or  even  fliirtecui  feel  fouii  lli«*  siirfitre  in 
disintegrat«*d  rock  at  Thcopliilo  CIttoiii,  in  Bra/Jh  and  he  |ioiiif.»«  oiti  lliaf 
their  long  ramifying  underground  |Mis«iges  nud  tlieir  sliifting  of  the  will 
must  c'ont-rihut.e  to  the  g<*iieral  wast.e  of  flti!  country. 

Evem  more*  renmrkatde  are  the  geological  lahoiir*  of  flic  tiUTiiili* 
or  white  ant.  In  tropica!  Africa  lids  creiif.iifr  luiililri  up  rrotnli  of 
Hinall  hills  or  mounds  thirty  or  forty  feet  in  diitiiieter  iiiul  leii  or 
in  height,  visihlc*  at  a  di«tiince  of  wiiiie  iiiiicH,  »Hci  liirgi»  an  iiiiioiifit  of 
fine*,  earth  in  aggregated  in  flifUii,  that  *Mlie  hrirk  hoiifie^  of  flu* 

*  .Mutiay  lllpl  Ui'tJftol,  I  njs.  .r*l.  I*.  I  ;i%r.rri,  ^  /’'Ijni’f  i.'/.  4|, 

TV#/*,  rliii|n  I".. 

N.  .'o  rifi-U  fill  |i,  17. 
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mission-station  on  Lake  ll^jassa  were  all  "built  out  of  a  single  ant’s 
nest,  and  the  quarry  from  which  the  material  has  been  derived 
forms  a  pit  beside  the  settlement  some  dozen  feet  in  depth.^’  Besides 
piling  up  these  edifices,  the  termites  construct  out  of  fine  soil  tunnels, 
which  they  make  sometimes  on  the  ground,  but  more  usually^  on  trees, 
which  are  thus  covered  even  to  the  tips  of  the  farthest  branches. 
Millions  of  trees  are  fantastically  plastered  over  with  tubes,  galleries 
and  chambers  of  earth,  and  many  pounds’  weight  of  subsoil  must  he 
brought  up  even  for  the  mining  of  a  single  tree.^  The  removal  of  so 
much  fine  material  to  the  upper  air,  and  the  honeycombing  of  the 
ground  underneath,  cannot  but  facilitate  the  progressive  decay  of  the 
rocks,  and  with  the  co-operation  of  wind  and  rain  must  promote  the 
general  degradation  of  the  surface. 

In  concluding  this  account  of  the  deposits  which  are  due  mainly 
to  the  action  of  organisms  or  of  organic  matter,  it  may  he  remarked  that 
the  chemistry  of  some  of  the  processes  of  precipitation  in  the  sea  is  still 
imperfectly  understood.  The  lime  so  abundantly  secreted  by  calcareous 
organisms  is  probably  not  derived  from  the  comparatively  minute 
quantity  of  calcium  carbonate  present  in  sea-water,  but,  as  we  have  seen, 
may  be  obtained  from  the  far  more  abundant  sulphate  by  a  transformation 
within  the  bodies  of  the  living  organisms.  This  chemical  process  must 
be  one  of  the  most  gigantic  of  all  those  which  are  taking  place  in  the 
ocean.  Again,  the  production  of  iron-sulphide  over  such  vast  areas  as 
are  covered  by  the  blue  muds  is  a  chemical  change  which  could  not  he 
eifected  without  the  co-operation  of  organisms.  The  precipitation  of 
manganic  oxide  and  its  segregation  in  concretions, .  often  round  organic 
centres,  is  another  widespread  chemical  process,  dependent  on  organic 
changes  and  presenting  a  close  analogy  to  the  formation  of  concretionary 
bog-iron  ore,  through  the  operation  of  the  humus  acids  in  stagnant  water 
on  land.  The  production  of  phosphatic  deposition  and  the  transforma¬ 
tion  of  silicates  of  alumina  into  phosphates  of  that  substance,  likewise 
the  precipitation  of  glauconite,  are  further  manifestations  of  the  important 
part  taken  by  living  and  dead  organisms  in  the  chemistry  of  the  sea¬ 
floor.  It  is  true  that  as  yet  no  aggregates  of  silica  have  been  detected 
in  the  sea,  like  the  flints  which  have  been  so  fruitful  a  source  of  contro¬ 
versy.  Yet  the  constant  association  of  flints  with  traces,  more  or  less 
marked,  of  former  abundant  siliceous  organisms  seems  to  make  the 
inference  irresistible,  that  the  substance  of  the  flint  has  been  precipitated 
through  the  agency  of  these  creatures.  The  silica  has  been  first  abstracted 
from  suspended  clay  or  from  sea- water  by  living  organisms.  It  has  then 
been  re-dissolved  and  re-deposited  in  a  colloid  form,  sometimes  in  amor¬ 
phous  concretions,  sometimes  replacing  the  calcareous- parts  of  echini, 
mollusks,  <fec.,  while  the  surrounding  matrix  was,  doubtless,  still  a  soft 
watery  ooze  under  the  sea.^  The  production  of  abundant  crystals  of 

^  Henry  Drumiiiond’s  ‘  Tropical  A.friea,’  1888,  cliap.  vi.  > 

-  See  Wallicli,  Q.  J.  (r.  A  xxxvi.  p.  68  ;  Sollas,  Jslwj.  Xat.  Hist,  otli  series, 

vi.  p.  437 ;  and  pp.  179,  612;  Brit.  Ashog.  1882,  Sects,  p.  549  ;  Hull  and  Hardman, 
Tram.  Roij.  Eahlm  Hoc,  new  series  (1878),  vol.  i.  p.  71.  .Tulien  observes  that  a  .substance 
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zeolite  on  the  sea-bottom  where  the  water  has  a  temperature  a  little 
below  or  above  the  freezing-point,  is  certainly  one  of  the  most  curious 
chemical  changes  which  modern  research  has  brought  to  light.  The 
explanation  of  it  offered  by  Messrs.  Murray  and  Eenard  has  already  been 
cited.  The  observations  of  Lacroix  that  zeolites  may  be  formed  on  land 
even  in  snow-water,  indicate  that  the  low  temperature  of  the  sea-floor 
offers  no  valid  objection  to  the  conclusions  of  the  Challenger  observers. 

§  4.  Man  as  a  Geological  Agent. 

No  survey  of  the  geological  workings  of  plant  and  animal  life  upon 
the  surface  of  the  globe  can  be  complete  which  docs  not  take  account  of 
the  influence  of  man — an  influence  of  enormous  and  increasing  con¬ 
sequence  in  physical  geography ;  for  man  has  introduced,  as  it  were,  an 
element  of  antagonism  to  nature.  Not  content  with  gathering  the  fruits 
and  capturing  the  animals  which  she  has  offered  for  his  sustenance,  he 
has,  with  advancing  civilisation,  engaged  in  a  contest  to  subdue  the 
earth  and  possess  it.  His  warfare,  indeed,  has  often  been  a  Idind  one, 
successful  for  the  moment,  but  leading  to  sure  and  sad  disaster.  He  has, 
for  instance,  stripped  off  the  woodland  from  many  a  region  of  hill  and 
mountain,  gaining  his  immediate  object  in  the  possession  of  their  stores 
of  timber,  but  thereby  laying  bare  the  slopes  to  parching  droughts  or 
fierce  rains.  Countries  once  rich  in  beauty,  and  plenteous  in  all  that 
was  needful  for  his  support,  are  now  burnt  and  barren,  or  washed  bare 
of  their  soil.  It  is  only  in  comparatively  recent  years  that  he  has  learnt 
the  truth  of  the  aphorism — Homo  Naturce  rniimter  et  interpresY 

But  now,  when  that  truth  is  coming  more  and  more  to  l>e  recognised 
and  acted  on,  man’s  influence  is  none  the  less  marked.  His  object  still 
is  to  subdue  the  earth,  and  he  attains  it,  not  by  setting  nature  and  her 
laws  at  defiance,  but  by  enlisting  her  in  his  service.  Within  the  com¬ 
pass  of  this  volume  it  is  impossible  to  give  more  than  merely  a  brief  out¬ 
line  of  so  vast  a  subject.^  The  action  of  man  is  necessarily  confined 
mainly  to  the  land,  though  it  has  also  to  some  extent  influenced  th(i 
marine  fauna.  It  may  be  witnessed  on  climate,  on  the  flow  of  water,  on 
the  character  of  the  terrestrial  surface,  and  on  the  distrilmtion  of  life. 

corresponding  to  ]iuiim.s  ap])ear.s  to  enter  universally  into  the  constitution  of  the  oceanic 
oozes,  resulting  from  the  decomposition  of  organisms  and  containing  a  hiuh  percentage*  f>f 
silica  {Proc.  Amer.  Aswe.  xxviii.  p.  359).  Consnit  also  the  paper  of  Messrs.  Murray  and 
Irvine  already  cited  {Proc.  Raif.  Sac.  Edln.  xviii.  (1891),  p.  229),  and  the  suggestive  experi¬ 
ments  there  described  as  to  the  solution  of  silica  in  sea-water  containing  living  and  dead 
organisms. 

^  See  Marsh’s  ‘Miiu  and  Nature,’  a  work  wliieli,  as  its  title  denotes,  specially  treats  of 
this  subject,  and  of  which  a  new  and  enlarged  edition  was  published  in  1874  niuler  the  title 
of  ‘The  Earth  as  modified  l)y  Pluman  Action.’  It  contains  a  copious  hildiograjdiy.  See 
also  JRiOlleston,  Jour.  Roy.  (feoy.  Soc.  xlix.  p.  320,  and  works  eited  by  him,  particularly 
De  Candolle,  ‘Gcographie  botaniqiie  raisonnee,’  1855;  Unger’s  “Botaiiische  HtreifzUge,”  in 
Sitzber.  Yiener  Acad.  1857-59;  J.  G.  St.  Hilaire,  ‘  Histoire  natundle  gffau'rale  des  Regnes 
organiques,’  tom.  iii.  1862;  Oscar  Pescliel,  ‘  Physisclie  Erdkunde  ’  ;  Link,  '  Urwelt  nnd 
Altertlnim  ’  (1822);  G.  A.  Koch,  Jahrh.  Real.  xxv.  (1875),  p.  114. 
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1.  On  Climate. — Human  interference  affects  meteorological  con¬ 
ditions — (1)  bj  removing  forests  and  laying  bare  to  the  sun  and  winds 
areas  which  were  previously  kept  cool  and  damp  under  trees,  or  which, 
lying  on  the  lee  side,  were  protected  from  tempests ;  as  already  stated, 
it  is  supposed  that  the  wholesale  destruction  of  the  woodlands  formerly 
existing  in  countries  bordeiing  the  Mediterranean  has  been  in  part  the 
cause  of  the  present  desiccation  of  these  districts,  while  in  the  Tyrol  the 
great  increase  and  destructiveness  of  the  debacles  has  been  attributed  to 
the  wholesale  deforesting  of  that  region,  and  the  consequent  exposure  of 
the  soil  to  rain  and  melted  snow;  (2)  by  drainage,  the  effect  of  this 
operation  being  to  remove  rapidly  the  discharged  rainfall,  to  raise  the 
temperature  of  the  soil,  to  lessen  the  evaporation,  and  thereby  to  diminish 
the  rainfall  and  somewhat  increase  the  general  temperature  of  a  country  ; 
(3)  by  the  other  processes  of  agriculture,  such  as  the  transformation  of 
moor  and  bog  into  cultivated  land,  and  the  clothing  of  bare  hillsides  with 
green  crops  or  plantations  of  coniferous  and  hard-wood  trees. 

2.  On  the  Flow  of  Water. — (1)  By  increasing  or  diminishing  the 
rainfall,  man  directly  affects  the  circulation  of  water  over  the  land. 
(2)  By  the  drainage-operations,  which  cause  the  rain  to  run  off  more 
rapidly  than  before,  he  increases  floods  in  rivers.  (3)  By  wells,  bores, 
mines  or  other  subterranean  works,  he  interferes  with  underground 
waters  and  consequently  with  the  discharge  of  springs.  (4)  By  embank¬ 
ing  rivers,  he  confines  them  to  narrow  channels,  sometimes  increasing 
their  scour  and  enabling  them  to  carry  their  sediment  farther  seaward, 
sometimes  causing  them  to  deposit  it  over  the  plains  and  raise  their 
level. 

3.  On  the  Surface  of  the  Land. — ^Man’s  operations  alter  the  aspect 
of  a  country  in  many  ways  : — (1)  by  changing  forest  into  bare  mountain, 
or  clothing  bare  mountain  with  forest ;  (2)  by  promoting  the  growth  or 
causing  the  removal  of  peat-mosses  ;  (3)  by  heedlessly  uncovering  sand- 
dunes,  and  thereby  setting  in  motion  a  process  of  destruction  which  may 
convert  hundreds  of  acres  of  fertile  land  into  waste  sand,  or  by  prudently 
planting  the  dunes  with  sand-loving  herbage  or  pines,  and  thus  arresting 
their  landward  progress;  (4)  by  so  guiding  the  course  of  rivers  as  to 
make  them  aid  him  in  reclaiming  waste  land  and  bringing  it  under  culti¬ 
vation  ;  (5)  by  piers  and  bulwarks,  whereby  the  ravages  of  the  sea  are 
stayed,  or  by  the  thoughtless  removal  from  the  beach  of  stones  which  the 
waves  had  themselves  thrown  up,  and  which  would  have  served  for  a 
time  to  protect  the  land ;  (6)  by  forming  new  deposits  either  designedly 
or  incidentally.  The  roads,  bridges,  canals,  railways,  tunnels,  villages 
and  towns  with  which  man  has  covered  the  surface  of  the  land  will  in 
many  cases  form  a  permanent  record  of  his  presence.  Under  his  hand, 
the  whole  surface  of  civilised  countries  is  very  slowly  covered  by  a 
stratum,  either  formed  wholly  by  him,  or  due  in  great  measure  to  his 
operations,  and  containing  many  relics  of  his  presence.  The  soil  of  old 
cities  has  been  increased  to  a  depth  of  many  feet  by  the  rubbish  of  his 
buildings ;  the  level  of  the  streets  of  modern  Eome  stands  high  above 
that  of  the  pavements  of  the  Csesars,  and  this  again  above  the  roadways 
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of  the  early  Republic.  Over  cultivated  hekls  potsherds  arc  turned  up 
in  abundance  by  the  plough.  The  loam  has  risen  within  the  walls  of 
our  graveyards,  as  genercation  after  generation  has  mouldered  there 
into  dust. 

4.  On  the  Distribution  of  Life. — It  is  under  this  head,  perhaj)K, 
that  the  most  subtle  of  human  influences  come.  Some  of  man’s  doings 
in  this  dominion  are  indeed  plain  enough,  such  as  the  extirpation  of  wild 
animals,  the  diminution  or  destruction  of  some  forms  of  vegetation,  the 
introduction  of  plants  and  animals  useful  to  himself,  and  especially  thc^ 
enormous  predominance  given  by  him  to  the  cereals  and  to  the  spread  of 
sheep  and  cattle.  But  no  such  extensive  distuiLance  of  the  normal  (jon- 
ditions  of  the  distribution  of  life  can  take  place  without  carrying  with  it 
many  secondary  effects,  and  setting  in  motion  a  wide  cycle  of  changes  and 
of  reaction  in  the  animal  and  vegetable  kingdoms.  For  example,  the 
incessant  warfare  waged  by  man  against  Ihrds  and  beasts  of  prey,  in  dis¬ 
tricts  given  up  to  the  chase,  leads  sometimes  to  unforeseen  results,  dlie 
weak  game  is  allowed  to  live,  which  would  otherwise  be  kilhid  off  and 
give  more  room  for  the  healthy  remainder.  Other  animals,  which  fe(‘d 
perhaps  on  the  same  materials  as  the  game,  are  from  the  same  cause*  peu* 
mitted  to  live  unchecked,  and  thereby  to  act  as  a  further  hindrance  to  the 
spread  of  the  protected  species.  But  the  indirect  results  of  man’s  intesr- 
ference  with  the  rigime  of  plants  and  animals  still  recfuirc*,  much  pro¬ 
longed  ohservation.^ 

This  outline  may  suffice  to  indicate  how  important  is  the  phujc  filled 
hy  man  as  a  geological  agent,  and  how  in  future  ngim  the  trac(*-s  of  his 
interference  may  introduce  an  element  of  difficulty  or  nnccutainty  irdo 
the  study  of  geological  phenomena. 

^  See  on  tlie  subject  of  man’s  infbuuiee  on  orgaiuc  nature,  tlie  paper  by  Pn>feHs«tr 
Rolleston,  quoted  in  the  j)reviouH  note,  and  the  nunierouH  authorities  cited  by  him. 
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OR  THE  ARCHITECTTIRE  OE  THE  EARTH’S  CRUST. 

The  nature  of  minerals  and  rocks  and  the  operations  of  the  different 
agencies  hy  'vvMch  they  are  produced  and  modified  having  been  discussed 
in  the  two  foregoing  books,  there  remains  for  consideration  the  manner  in 
■which  these  materials  have  been  arranged  so  as  to  build  up  the  crust  of 
the  earth.  Since  by  far  the  largest  visible  portion  of  this  crust  consists 
of  sedimentary  or  aqueous  rocks,  it  will  be  of  advantage  to  treat  of  them 
first,  noting  both  their  original  characters,  as  resulting  from  the  circum¬ 
stances  under  which  they  were  formed,  and  the  modifications  subse¬ 
quently  effected  upon  them.  Many  superinduced  structures,  not  peculiar 
to  sedimentary,  but  occurring  more  or  less  markedly  in  all  rocks,  may  l)e 
conveniently  described  together.  The  distinctive  characters  of  the  igneous 
or  eruptive  rocks,  as  portions  of  the  architecture  of  the  crust,  will  then 
he  described;  and  lastly,  those  of  the  crystalline  schists  and  other 
associated  rocks  to  which  the  name  of  metamorphic  is  usually  applied. 


Part  I.  Stratieicationt  ai^d  its  Accompaniments. 

The  term  ‘‘stratified,”  so  often  applied  as  a  general  designation  to  the 
aqueous  or  sedimentary  rocks,  expresses  their  leading  structural  feature. 
Their  materials,  laid  down  for  the  most  part  on  the  bed  of  the  sea,  but 
partly  on  the  floors  of  lakes  and  rivers,  and  even  subaerially  on  dry  land, 
under  conditions  which  have  been  already  discussed  in  Took  III,  are 
disposed  in  layers  or  strata,  an  arrangement  characteristic  of  them  alike 
in  hand-specimens  and  in  cliffs  and  mountains  (Figs.  194,  195,  214,  260, 
and  261).  Not  that  every  morsel  of  aqueotis  rock  exhibits  evidence  of 
stratification.  But  it  is  this  feature  which  in  a  sufiQciently  large  mass 
of  material  is  least  frequently  absent.  The  general  characters  of  strati¬ 
fication  will  he  best  understood  from  an  explanation  of  the  terms  by 
which  they  are  expressed. 
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Forms  of  Bedding. — Laminae  are  the  thinnest  paper-like  layers 
in  the  planes  of  deposit  of  a  stratified  rock.  Such  fine  layers  only 
occur  where  the  material  is  fine-grained,  as  in  mud  or  shale,  or  where 
fine  scales  of  some  mineral  have  been  plentifully  deposited,  as  in 
micaceous  sandstone.  In  some  laminated  rocks,  the  laminai  cohere  so 


Fig.  194.— Sea-clifF  showing  a  series  of  Slratilied  Kochs  (/;.). 


firmly  that  they  can  hardly  be  split  open,  and  the  rock  will  lireak  more 
readily  across  them  than  in  their  direction.  More  usually,  however,  the 
planes  of  lamination  serve  as  convenient  divisional  surfaces  by  means  of 
which  the  rock  can  be  split  open.^  The  cause  of  this  structure  has  been 
generally  assigned  to  intermittent  deposit;  each  lamina  being  assumed  to 
have  partially  consolidated  before  its  successor  was  laid  down  upon  it. 
Mr.  Sorby,’  however,  has  recently  suggested  that  in  fine  argillaceous  rocks 

it  may  be  a  kind  of  cleavage-structure  (see 
pp.  417,  684),  due  to  the  pressure  of  the 
overlying  rocks,  with  the  consequent  S(piec7>- 
ing  out  of  interstitial  water  and  the  re¬ 
arrangement  of  the  argillaceous  ])articles  in 
lines  perpendicular  to  the  pressure.^ 

Much  may  be  learnt  as  to  former  geo¬ 
graphical  and  geological  changes  by  attending 
to  the  characters  of  strata.  In  Fig.  195,  for 
example,  there  is  evidence  of  a  gradual 
diminution  of  movement  in  the  waters  in 
which  the  layers  of  sediment  were  deposited. 
The  conglomerate  {a)  points  to  curi*ents  of 
some  force;  the  sandstones  {h  c  d)  mark  a 
progressive  quiescence  and  the  advent  of  finer 
sediment ;  the  shales  (c)  show  a  deposition 
of  fine  mud  and  accretion  of  ferrous  car])onate 
into  nodules  round  organic  remains  ;  while  the  coral-limestone  (/)  proves 
that  the  water  no  longer  carried  much  sediment,  l)ut  had  ])ecome  clear 


Fig.  195.— Section  of  Stratified  Kocks. 
(f,  conglomerate  ;  h,  tliick-bedded  peb¬ 
bly  sandstone ;  c,  thin-bedded  sand¬ 
stone  ;  d,  sbaley  sandstone ;  c,  .shale 
with  ironstone  nodules;  /,  lime¬ 
stone  with  crinoids  and  corals. 


^  M.  Daitbree  has  proposed  the  term  diadrome  to  express  tlie  splitting  of  rocks  along 
tlieir  bedding-places.  Bull.  Soc.  OM.  France  (3),  x.  p.  137. 

^  Quart.  Journ.  Geol.  Soc.  xxxvi.  (1880),  p.  6*7. 
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enough  for  an  abundant  growth  of  marine  organisms.  The  existence, 
therefore,  of  alternations  of  fine  laminae  of  deposit  may  be  conceived  as 
pointing  to  tranquil  conditions  of  slow  intermittent  sedimentation,  where 
silt  has  been  borne  at  intervals  and  has  fallen  over  the  same  area  of 
undisturbed  water.  Regularity  of  thickness  and  persistence  of  lithological 
characters  among  the  laminae  may  be  taken  to  indicate  periodic  currents, 
of  approximately  equal  force,  from  the  same  quarter.  In  some  cases, 
successive  tides  in  a  sheltered  estuary  may  have  been  the  agents  of 
deposition.  In  others,  the  sediment  was  doubtless  brought  by  recurring 
river-floods.  A  great  thickness  of  laminated  rock,  like  the  massive 
shales  of  Palaeozoic  formations,  suggests  a  prolonged  period  of  quiescence, 
and  probably,  in  most  cases,  slow,  tranquil  subsidence  of  the  sea-fioor. 
On  the  other  hand,  the  alternation  of  thin  bands  of  laminated  rock 
with  others  coarser  in  texture  and  non-laminated,  indicates  considerable 
oscillation  of  currents  from  different  quarters  bearing  various  qualities 
and  amounts  of  sediment.^ 

Strata  or  Beds  are  layers  of  rock  varying  from  an  inch  or  less  up  to 
many  feet  in  thickness.  A  stratum  may  be  made  up  of  numerous 
laminai,  if  the  nature  of  the  sediment  and  mode  of  deposit  have  favoured 
the  production  of  this  structure,  as  has  commonly  been  the  case  with  the 
finer  kinds  of  sediment.  In  mateiials  of  coarser  grain,  the  strata,  as  a 
rule,  are  not  laminated,  but  form  the  thinnest  parallel  divisions.  Strata, 
like  laminie,  sometimes  cohere  firmly,  but  are  commonly  separable  with 
more  or  less  ease  from  each  other.  In  the  former  case,  we  may  suppose 
that  the  lower  bed,  before  consolidation,  was  followed  by  the  deposit  of 
the  upper.  The  common  merging  of  a  stratum  into  that  which  overlies 
it  must  no  doubt  be  regarded  as  evidence  of  more  or  less  gradual  change 
in  the  conditions  of  deposit.  Where  the  overlying  bed  is  abruptlj^ 
separable  from  that  below  it,  the  interval  was  probably  of  some  duration, 
though  occasionally  the  want  of  cohesion  may  arise  from  the  nature  of  the 
sediment,  as,  for  instance,  where  an  intervening  layer  of  mica-flakes  has 
been  laid  down.  A  stratum  may  be  one  of  a  series  of  similar  beds  in  the 
same  mass  of  rock,  as  where  a  thick  sandstone  includes  many  individual 
strata,  varying  considerably  in  their  respective  thicknesses ;  or  it  may  be 
complete  and  distinct  in  itself,  as  where  a  band  of  limestone  or  ironstone 
runs  through  the  heart  of  a  series  of  shales.  As  a  general  rule,  the  con¬ 
clusion  appears  to  be  legitimate  that  stratification,  when  exceedingly  well- 
marked,  indicates  slow  intermittent  deposition,  and  that  when  weak  or 
absent,  it  points  to  more  rapid  deposition,  intervals  and  changes  in  the 
nature  of  the  sediment  and  in  the  direction  of  force  of  the  transporting 
currents  l)eing  necessary  for  the  production  of  a  distinctly  stratified 
structure. 

Lines  due  to  original  stratification  must  be  carefully  distinguished 
from  other  divisional  planes  which,  though  somewhat  like  them,  are  of 
entirely  different  origin.  Six  kinds  of  fissility  may  be  recognised  among 

*  For  a  series  of  experiments  to  illustrate  the  origin  of  the  sedimentation  of  the  Coal- 
measures,  see  H.  Fayol,  Bull.  Soc.  Industrie  Miid.rale^  St.  Atienne^  2me  ser.  xv.  (1886): 
“  "Etudes  Bur  le  Terrain  houiller  de  Commentry,"  with  atlas. 
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rockB:— Ist,  lituiiHdtion  of  original  (le|Hmit  ;  jinutinii,  \vlu«*h,  whnii  tin* 
plancss  of  division  arc*,  scit  c^lone  to  each  otlii*i\  ciiusch  tin?  r<M*ksto  split  inti) 
parallel  .slahsor  hlockn  (p. (>58);  3nl,  in  slate*  (pp.  1 17j>8|);  fth, 

i^hearluij,  as  u<*ar  faultn  arul  thruBt-planen  (pp.  11  Ih  hHi)  ;  (ftl hi! as 

in  Hcdiists  (p.  :MI)  ;  Gth,  Jfnnhsfnictiiir^  which  whini  cxlnnindy  clcvrlopcci 
in  lava,H  prociuccjs  a  kind  of  flnmlity  rciHcnnhling  tin*  lamination  of  deposit. 

Originally  the  plancH  of  strati fication,  in  the  gri^at  majority  of  eanes, 
wcerce  ^{^arIy  horizontal.  As  most  Bedimentary  roekH  are  of  marine  origin^ 
and  have*,  acicumnlated  on  the  shallcnver  slopeB  i»f  the*  Kc*a  floor,  tliey  have 
generally  had  from  thc^  firnt  a  gentle  inclination  heawards  ;  hut,  save*  on 
rapidly  Bhedving  shores,  the  angle  of  dcarlivity  han  l)een  UHimlly  so  low 
as  to  he  hardly  appnadable  by  thc^  c^yc*.  Ih*partiires  from  this  pn* 
dominant  horizontelity  would  he  (aused  where  Hedimimt  aniimiilatcd 
on  HuIwupu^mH  talus-slopes,  as  at  the*,  haw*  of  cliffs,  or  when*  tin-  floor 
on  which  deposition  took  place  was  of  an  umlnlating  or  more  markedly 
unevcm  character. 

Falae-hedding,  (hi  rrcui t' beddi  ng.  Some  .ntrafa,  parfinilarly 
Htones,  are  mark  cal  by  an  irr<*gular  lamina!  if  »m  wheredn  the  liiiiiimi*, 

thf)Ugb  for  sliort  disfaiiri*^  p'lnillel 
tf)  each  fctlier,  are  ohli<|iie  !ii  the 
gc*m‘nd  Btratific'atioli  *tf  I  he 
at  constantly  varying  angles  and  in 
flillercnt  diririioim  |#f  A  r  #/  iii  Fig. 
llHi).  This  HtriicUire,  kiiown  m 
falMc  bedflitig  or  ciirri‘iif  hedfiing, 
|Kiint:.M  to  frei|iieitt  rhaiiges  in  fljr 
flireetion  fif  lti«*  eiirreiitK  liy  wliirh 
the  sediment  wm  carricfl  along  and  depfcsileil  Sami  pti«liefi  o%^er 
bottom  of  a  Hheet  of  watcu-  by  varying  c*nrreritf4  teiidfi  to  hr  lniil  flowii 
irregularly  in  IwnkH  and  ridges,  which  often  fiiivaiicf*  ivilti  m  ateeji  ^lop 
in  front.  Tins  upper  and  hmac  iiiirkee«  of  the  biiiilf  or  lied  of  wiiitl 
('*  ^  in  Fig.  Hlh)  may  remiiin  parallel  with  iwdi  other  iw  iridl  m  with 
th(?  underlying  bottom  (fi),  yet  the  siiceex^ive  laiiiimi’  roiii poking  if  liiny 
lie*,  at  an  anghc  of  30'*  or  even  more. 

Wi*  may  ilhwfmte  thin  Htriirfiiri*  l»y  flu*  familiitr  ffiriicittritf  nf  a  r.iiltt-.ir  rjiiliaiit 
mciif.  The  top  of  flot  «♦»  wldcfi  ftn?  m  h*  o 

kept  level  ;  hist  the  a«lvaiieissg  eml  of  fli**  eariliwork  iilmww  a  -Ut-ep  ilopr  mt^^r  llir 

wm’kinen  are.  eosislanf  |j  iliw’lmrgsisg  Wiig^pjn  loii«K  of  Ifriirp  tip.#  eiiihaiAffieiili 

if  cist  op«»is  losigilisdiiialiy,  woiihl  pie.»ii»iit  n  **  fjil!«4«f44c»l  “  for  it  iifsiil*!  I#r 

foum!  to  eoisMwt  of  miujy  irregular  layesM  sii«*ii«r4  at  Ingli  ifi  tfjr  ilifwtiiiii  iii 

whiftls JJir  ituisyiiiois  of  the  MOiUiuil  liici  loiviiiiei'iL  Aiiiofig  ||<«ihi||irji|  fr#f maiifiii*  nf  all 

(M*e?if»iomil  O’ctifiiiiH  of  tin*  lippio*  «4iirnc'e»t  of  'Itirh  fiiltii'-heihlrd  *ilriltA  di*»»  llie 
Hiogular  irregularity  of  the  ?4trsiet!irr,  aufl  hriiig  InUari'  thr  llie 

feeble  Hhtfiing  eiirreiit*i  liy  u-|iirli  thr  Hi*r|iiiom  .Iftlie*!  in  the  diiiilom  Wiilrr 
where  it  airmtnilaieil  fpig,  i‘i7j,  ijof jri-alile  foitiiri’  in  the  ifpiikwliy  |efi!iriih:ii 
nliiiractor  of  laKe.|»ffI<|ei|  iitnifn.  wIpu**  tli**  issiiial  iliiigotial  IftiiiUifilioii  iu. 

or  al>Mijist,  this  Icsiticuiar  ,fitrtiet,.tii*f»  may  4i?Uiiir't  Fin,  Exaitfpic*  iiiiiy  al’wi 

he  i)!)si*rve«h  At  which,  while  all  tfjr  ar?  lo-ll  j  Jiiiifiale^i*  in  MiifP’"  iIp-  liiiiiiia*  fun 

paralkl  with  tlicgeijcral  lnfiiiliiig.  ami  in  iUliewolilF|iif|y  in  it  I  fug.  iPlip 
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bedding  is  most  frequent  among  sandstones,  or  markedly  arenaceous  strata,  it  may  be 
observed  occasionally  in  detrital  formations  of  organic  origin,  as  shown  in  a  section  (Fig. 
200)  by  De  la  Beche,  where  a  portion  of  one  of  the  calcareous  members  of  the  Jurassic 
series  of  England  consists  of  beds  composed  mostly  of  organic  fragments  with  a  strongly 


11*7.— Plan  of  upper  .surface  of  a  False-bedded  Coal.niea.sure  Sandstone,  Noltoii  Haven, 
l^einbrokesliire,  (.Tolni  Phillips.) 


marked  current' bedding  {a,  a),  wliile  others,  formed  of  muddy  layers  and  not  obliquely 
laminated  {h  b),  point  to  intervals  when,  with  the  cessation  of  the  silt-bearing  currents, 
the  water  became  still  enough  to  allow  the  mud  suspended  in  it  to  settle  on  the  bottom.  ^ 

Intercalated  Contortion. — Diagonal  lamination  is  sometimes 
contorted  as  well  as  steeply  inclined,  and  highly  contorted  beds  are  inter¬ 
posed  between  others  which  are  undisturbed  and  horizontal.  Curved 


Fig.  lyS.—False-betlded  Strata,  Old  Red  Sandstone,  Ross,  irerefordsbire. 
(Sir  Henry  James,  R.E.) 


and  contorted  lamination  is  of  frequent  occurrence  among  Palaeozoic 
sandstones.  In  Fig.  201,  an  example  is  given  from  one  of  the  oldest 
formations  in  Britain,  and  in  Fig.  202  another  from  one  of  the  youngest. 
In  the  Calciferous  Sandstones  of  East  Fife,  the  structure  is  abundant  in 

^  ‘Geological  Observer,’  p.  536.  The  memoir  by  H.  Fayol,  cited  on  p.  635,  is  accom¬ 
panied  with  an  atlas  which  coiitain.s  many  excellent  illustrations  of  the  exceedingly  irregular 
stratification  of  the  Coal-measures.  See  also  G.  K.  Gilbert,  “Ripple-marks  and  Cross¬ 
bedding,”  Bull.  Am.  Gml.  Soc.  x.  (1899),  p.  135. 
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the  thicker  beds  of  sandstone  intercalated  among  rapid  alternations  of 
perfectly  undisturbed  parallel  seams  of  shale,  coal  and  limestone.  The 
cause  of  this  structure  is  not  well  understood.  Among  glacial  deposits 

u 

b 

e 
d 


Fig.  190. — Ordinary  Lamination  and  Cnrrent-lamiiiation,  Upper  Old  Hod  Saiid.stono,  Clowes  Bay, 

Waterford  (B.). 

((,  d,  c,  beds  of  sand  and  silt  deposited  horizontally  and  apparently  from  mechanical  suspiniHion  ; 

&,  c,  beds  of  sand  which  have  been  pushed  along  the  bottom. 

local  examples  of  contortion  occur,  which  may  be  accounted  for  by  the 
intercalation  and  subsequent  melting  of  sheets  of  frozen  niud,  or  by  the 
stranding  of  heavy  masses  of  drift-ice  upon  still  unconsolidated  sand  and 


Fig.  200.— Section  in  the  Forest  Marble,  the  Butts,  Frome,  Homcrsct  (/i.). 
a,  a,  beds  formed  of  broken  shells,  fish-teeth,  piece.s  of  wood,  and  oolitic  grains  ;  h,  h,  layers  of  (day. 


mud.  The  removal  of  mineral  matter  in  solution  (as  among  saliferous 
and  gypseous  deposits)  leads  to  the  subsidence  and  crumpling  of  over¬ 
lying  beds.  The  hydration  of  anhydrite  (pp.  400,  453),  by  augmenting 


the  volume  of  the  mass,  subjects  the  adjacent  strata  to  crushing  and 
contortion.  It  is  possible  that  some  of  the  extraordinary  labyrinthine 
and  complex  contortions  of  certain  schistose  rocks  may  be  due  to  the 
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subsequent  crumpling  of  strata  already  full  of  diagonal  or  contorted 
lamination. 

Irregularities  of  Bedding  due  to  Inequalities  of  Deposition 
or  of  Erosion. — A  sharp  ridge  of  sand  or  gravel  may  be  laid  down 
under  water  by  current-action  of  some  strength.  Should  the  motion  of 
the  water  diminish,  finer  sediment  may  be  brought  to  the  place  and  be 
deposited  around  and  above  the  ridge.  In  such  a  case,  the  stratification 
of  the  later  accumulation  may  end  oft‘  abruptly  against  the  flanks  of  the 
older  ridge,  which  will  appear  to  rise  up  through  the  younger  sediment. 
Appearances  of  this  kind  are  not  uncommon  in  coal-fields,  where  they 
are  known  to  the  miners  as  “  rolls, “swells,”  or  “horses^  backs.”  A 
structure  exactly  the  reverse  of  the  preceding,  where  a  stratum  has  been 
scooped  out  before  the  deposition  of  the  layers  which  cover  it,  has  also 
often  been  observed  in  mining  for  coal,  when  it  is  termed  a  “  wash-out  ” 
or  “  want.” 


liOB.— Plan  of  ChaniielH  in  Coal,  Forent  of  Dean  (uffcer  Buddie). 


Chatmels  have  been  cut  out  of  a  coal-seam,  or  rather  out  of  the  bed  of  vegetation 
which  ultimately  became  coal,  and  these  winding  and  branching  channels  have  been 
filled  up  with  sandy  or  muddy  sediment.  Tlie  accompanying  plan  (Fig.  203)  represents 
a  portion  of  a  remarkable  series  of  such  channels  traversing  the  Coleford  High  Delf 
coal-seam  in  the  Forest  of  Dean.  The  chief  one,  locally  known  as  the  '‘Horse”  (a  h), 
has  been  traced  for  about  two  miles,  and  varies  in  width  from  170  to  340  yards.  It  is 
joined  hy  smaller  tributaries  (c  c),  which  mn  for  some  way  approximately  parallel  to 
it.  The  coal  has  either  been  prevented  from  accumulating  in  contemporaneous  water- 
channels,  or,  while  still  in  the  condition  of  soft  bog-like  vegetation,  has  been  eroded 
by  streamlets  flowing  through  it.^  A  section  drawn  across  such  a  buried  channel 
exhibits  the  structure  represented  in  Fig.  204,  where  a  bed  of  fire-clay  (e),  full  of  roots 
and  evidently  an  old  soil,  supports  a  bed  of  coal  (d)  and  of  shale  (c),  which,  during  the 
deposition  of  this  series  of  strata,  have  been  cut  out  into  a  channel  at/.  A  deposition 
of  sand  (h)  has  then  filled  up  the  excavation,  and  a  layer  of  mud  (a)  has  covered  up 
the  whole. 

Currents  of  very  unequal  force  and  transporting  power  may  alternate  in  such  a  way 


Buddie,  (Jeal.  Trans,  vi.  (1842),  p.  215. 


640 


GEOTEGTONIC  {STRUCTUBAL)  GEOLOGY 


book  IV 


that  after  fine  silt  has  for  some  time  been  accumulated,  coarse  shingle  may  next  be 
swept  along,  and  may  be  so  irregularly  bedded  with  the  softer  strata  as  to  simulate  the 
behaviour  of  an  intrusive  rock  (Fig.  205).^  The  section  (Fig.  206)  taken  by  De  la  Beche 
from  a  cliff  of  Coal-measures  on  the  coast  of  Pembrokeshire,  shows  a  deposit  of  shale 


Fig.  204. — Section  of  a  Cliaiiuel  in  a  Coal-seam  (//.). 


(a)  that  during  the  course  of  its  formation  was  eroded  by  a  channel  at  h,  into  which 
sand  was  carried  ;  after  which,  the  deposit  of  fine  mud  recommenced,  and  similar  shale 
was  again  laid  down  upon  the  top  of  the  sandy  layer,  until,  by  a  more  potent  current, 
the  shale  deposit  was  cut  away  on  the  left  side  of  the  section,  and  a  series  of  sandbeds 


Fig.  iOG.—rrrpguIar  Bedding  of  coarse  and  fine  Lower  Silurian  detritus,  Flanks  of  Glydyr, 

N.E.  of  Snowdon  (B.). 

(c)  was  laid  down  upon  its  eroded  edges.  An  interruption  of  this  kind,  however,  may 
not  seriously  disturb  the  earlier  conditions  of  a  deposit,  which,  as  shown  in  the  same 
section,  may  be  again  resumed,  and  new  layers  {d)  may  he  laid  down  conformably  over 
the  whole.  Among  the  lessons  to  be  learnt  from  such  sections  of  local  irregularity,  one 


&  b 

Fig.  20G.—'Oon temporal! ecus  Erosion  and  Deposit  (/?.). 

of  the  most  useful  is  the  reminder  that  the  inclination  of  strata  may  not  always  be  due 
to  subteri’anean  movement,  tn  Fig.  207,  for  example,  the  lower  strata  of  shale  and 
sandstone  are  nearly  horizontal.  The  upper  thick  sandstone  (b')  has  been  cut  away 
towards  the  left,  and  a  seri^  of  shales  (of)  and  a  coal-seam  (c')  have  been  deposited 
against  and  over  it.  If  the  sandstone  was  then  level,  the  shales  must  have  been  laid 
down  at  a  considerable  angle,  or,  if  these  were  deposited  in  horizontal  sheets,  the  earlier 

'  ^  Be  la  Beche,  *Geol.  Observer,’ p.  538.  But  see  the  following  remarks  on  overthrust 
faults  in  Ihe  Coal-measures. 
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sandstone  must  have  accumulated  on  a  marked  slope.  As  deposition  continued,  the 
inclined  plane  of  sedimentation  would  gradually  become  horizontal  until  the  strata  were 
once  more  ]>arallel  with  the  series  u  h  c  below.  A  structure  of  this  kind,  not  infrequent 
ill  the  Coal-measures,  must  be  looked  upon  as  a  larger  kind  of  false-bedding,  where, 
however,  terrestrial  moveinent  may  sometimes  have  intervened. 

In  tlie  instances  here  cited,  it  is  evident  that  the  erosion  took  place,  in  a  general 
sense,  during  the  same  period  with  the  accumulation  of  the  strata.  For,  after  the 
interruption  was  covered  up,  sedimentation  went  on  as  before,  and  there  is  usually  an 
obvious  close  seiiuence  between  the  continuous  strata.  Though  it  may  be  impossible  to 
decide  as  to  the  relative  length  of  the  interval  that  elapsed  between  the  formation  of  a 
given  stratum  and  that  of  the  next  stratum  which  lies  upon  its  eroded  surface,  or  to 
ascertain  how  much  depth  ot  rock  has  been  removed  in  the  erosion,  yet,  when  the 
structure  occurs  among  conformable  strata,  evidently  united  as  one  lithologically  con- 
tiniiouB  series  ot  deposits,  we  may  reasonably  infer  that  the  missing  portions  are  of  small 


Pig.  207.— CoutoiiiporaiKJOUS  Eio.siou  with  inclined  and  horizontal  deposits,  in  Coal-measures, 

Kello  Water,  Sanquhar,  Duinfriesshire. 
a,  a',  shalcK  and  ironstuin's ;  h,  Kuiidstones ;  r,  c',  coal-seams, 

moment,  and  that  the  erosion  was  merely  due  to  the  irregular  amd  more  violent  action 
of  the  very  currents  by  which  the  sediment  of  the  successive  strata  was  supplied. 

The  case  is  different  when  the  eroded  strata,  besides  being  inclined  at  a  different 
unghi  from  tho.se  above  them,  are  strongly  marked  off  by  lithological  distinctions, 
]>articulurly  when  fragments  of  them  occur  in  the  overlying  deposits.  In  some  of  the 
coal-mines  in  Central  Scotland,  for  instance,  deep  channels  have  been  met  with  entirely 
filled  with  sand,  gravel  or  clay  belonging  to  the  general  superficial  drift  of  the  conntry. 
These  channels  have  evidently  been  water-courses  worn  out  of  the  Coal-measure  strata 
at  a  comparatively  recent  geological  period,  and  subsequently  buried  under  glacial 
accumulations.  There  is  a  complete  discordance  between  them  and  the  Paleozoic  strata 
below,  pointing  to  the  existence  of  a  vast  interval  of  time  (see  under  tlnconformability, 
p.  820  et  i>eq,), 

*  The  recent  progress  of  resm'ch  has  shown  that  ovcftlirust  faults,  which  are  much 
more  frmpient  than  was  formerly  supposed,  may  sometimes  produce  effects  not  greatly 
difiereiit  from  those  here  described.  Indeed,  it  is  not  improbable  that  instances  which 
have  been  looked  Upon  as  exemifiifying  contemporaneous  erosion  or  deposit,  such  as 
some  of  the  ‘"horses 'baud  ‘Svash-oiits of  the  Ooahmea^res,  may  really  be  due ’to  the 
effect  of  such  reversed  faults.  In  Fig.  206,  for  example, At  Is  conceivable  that  the  diagonal 
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line  of  separation  drawn  by  De  la  Beebe  may  mark  a  reversed  fault,  and  that  the  over- 
lying  sandstones  (c)  are  really  a  lower  part  of  the  series  pushed  upward  over  {a)  by  an 
over 'thrust.^ 

Surface-markings. — The  surface  of  many  beds  of  sandstone  is  marked 
with  lines  of  wavy  ridge  and  hollow,  such  as  may  be  seen  on  a  sandy 
shore  from  which  the  tide  has  retired,  on  the  floors  of  shallow  lakes  and 
of  river-pools,  and  on  surfaces  of  dry  wind-blown  sand.  To  these 
markings  the  general  name  of  Eippl e-mark  has  been  given.  They  have 
been  produced  by  an  oscillation  of  the  medium  (water  or  air)  in  w^hich 
the  loose  sand  has  lain.  In  water,  an  oscillatory  movement,  sometimes 
also  with  a  more  or  less  marked  current,  is  generated  by  wind  blowing  on 
its  surface.  The  sand-grains  are  carried  backwards  and  forwards.  By 
degrees,  inequalities  of  surface  are  produced,  which  give  rise  to  vortices 
in  the  water.  In  irregular  ripple-mark,  the  direct  current  carries  the 


Fig.  208.— Plan  and  section  of  Rippled  Surface.  Fig.  20  I — Sections  of  Ilipploniarks. 

Sand  up  the  weather-slope,  while  the  vortex  pushes  it  up  the  lee-slope, 
until  the  surface  of  the  sand  becomes  mottled  over  with  little  prominences 
or  dunes.  In  regular  ripple-mark,  the  forms  are  produced  by  water 
oscillating  relatively  to  the  bottom  and  the  consequent  establishment  of 
a  series  of  vortices.^  The  long  gentle  slope  towards  the  wind,  and  tlnj 
short  steep  slope  away  from  it,  are  well  marked  (Fig.  208,  compaT-c  also 
Fig.  91).  Considerable  diversity  in  the  form  of  the  ripple,  however,  may  be 
observed  (as  at  a  5  d  in  Fig.  209),  depending  on  conditiorrs  of  wind,  water 
and  sediment  which  have  not  been  thoroughly  studied.  No  satisfactory 
inference  can  be  drawn  from  the  existence  of  ripple-marks  as  to  the  precise 
depth  of  water  in  which  the  sediment  was  accumulated.  As  a  rule,  it  is 
in  water  of  only  a  few  feet  or  yards  in  depth  that  this  characteristic 
surface  is  formed.  But  it  may  be  produced  at  any  depth  to  which  the 
agitation  caused  by  wind  on  the  upper  waters  may  extend  (p.  562). 
Examples  of  it  may  he  observed  among  arenaceous  deposits  of  all  ages 
from  pre-Oamhrian  upwards.  In  like  manner,  we  may  freriuently  detect 

^  See  a  paper  on  overtbrusts  and  other  disturbances  in  the  Raclstock  series  of  tlie  Soriierset 
Goal-field,  by  F.  A.  Steart,  Q,  J.  G.  S.  Iviii.  (1902). 

2  Professor  Darwin,  Ptoc.  Roy.  Sue.  xxxvi.  (1883),  p.  18.  See  also  H.  G.  Sorby,  Mdin. 
New  Phil  Joimi.  new  ser.  iii.  iv.  v.  vii.  ;  (Jeologisl  ii.  (1859),  p.  137  ;  A.  U.  Iluut^  IVoc. 
Roy.  Soe.  xxxiv.  p.  1  ;  G.  de  Candolle,  ArchCScl  Phys.  Nat.  Getm^e,  ix.  (1883)  ;  M.  Forel, 
in  same  volume  ;  Gosselet,  Ann.  Sei.  GeoL  Nurd,  ix.  (1882),  p.  76  ;  Gr.K.  Gilbert’s  pai)er  cited 
ante,  p.  637. 
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<imong  these  formations,  small  isolated  or  connected  linear  ridges  (r i li¬ 
ma  I’ks)  directed  from  some  common  quarter,  like  the  current-marks 
frequently  to  be  found  behind  projecting  fragments  of  shell,  stones  or 
bits  of  seaweed  on  a  beach  from  which  the  tide  has  just  retired. 

On  an  ordinary  beach,  each  tide  usually  effaces  the  ripple-marks  made 
by  its  predecessor,  and  leaves  a  new  series  to  be  obliterated  by  the  next 
tide.  In  the  process  of  obliteration,  the  tops  of  the  ridges  are  levelled 
off  (see  h  in  Fig.  209),  while  sometimes  the  hollows,  where  they  serve  as 
receptacles  for  surface  drainage,  are  deepened.  Where  the  markings  are 
formed  in  water  which  is  always  receiving  fresh  accumulations  of  sediment, 
a  rippled  surface  may  be  gently  overspread  by  the  descent  of  a  layer  of 
sediment  upon  it,  and  may  thus  be  preserved.  By  a  renewal  of  the 
<jscillation  of  the  water  another  series  of  ripples  may  then  be  made  in 
the  overlying  layers,  which  in  turn  may  be  buried  and  preserved  under 
a  renewed  deposit  of  sand.  In  this  way,  a  considerable  thickness  of 
such  ripple-marked  strata  may  be  accumulated,  as  has  frequently  taken 
place  among  geological  formations  of  all  ages. 


210.— Sun-cracktid  Surface  of  Mud  or  Muddy  Sand. 


Sun-cracks,  Rain-prints,  Vestiges  of  former  Shores. — One  of 
the  most  fascinating  parts  of  the  work  of  a  field -geologist  consists  in 
tracing  the  shores  of  former  seas  and  lakes,  and  in  endeavouring  thereby 
to  reconstruct  the  geography  of  successive  geological  periods.  There  are 
not  a  few  pieces  of  evidence  which,  though  in  themselves  individually  of 
apparently  small  moment,  combine  to  supply  him  with  reliable  data. 
Among  these  he  lays  special  emphasis  upon  the  proofs  that,  during  their 
deposition,  strata  have  at  intervals  been  laid  bare  to  sun  and  air. 

The  nature  and  validity  of  the  arguments  founded  on  this  evidence 
will  be  best  realised  by  the  student  if  he  can  make  observations  at  the 
margin  of  the  sea,  or  of  any  inland  sheet  of  water,  which  from  time  to 
time  leaves  tracts  of  mud  or  fine  sand  exposed  to  sun  and  rain.  The 
way  in  which  the  muddy  bottom  of  a  dried-up  pool  cracks  into  polygonal 
cakes  when  exposed  to  the  sun  may  be  illustrated  abundantly  among 
sedimentary  rocks.  These  desiccation-cracks,  or  sun -cracks  (Fig.  210), 
could  not  have  been  produced  so  long  as  the  sediment  lay  under  water 
Their  existence  therefore  among  any  strata  proves  that  the  surface  of 
rock  on  which  they  lie  was  exposed  to  the  air  and  dried,  before  the  next 
layer  of  water-borne  sediment  w<is  deposited  upon  it. 

With  these  markings  are  occasionally  associated  prints  of  rain-drops. 
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mud  ma.v  in*  \vitn<‘ssi*d  atiiori^  ruc’ks  nld  as  tha  raiiilniaii  |M*iiod. 

Ill  HOUH*  casas,  th<*  raiu  prints  an*  fiaimi  !»»  in*  rid^rei  up  «»ii  mih*  dtif,  in 
Buch  a.  maiHuT  as  tu  indicate*  that  the  laiii  dnips  m  they  tVIl  ui-n*  dii\cii 


aslant  by  the  wind,  Hn*  promiiirnl  side  nf  the  inai  Liuir^n  llieirfitir, 
indieaitcH  the  bIcIc^  towards  whicli  tlic  wind  lelini. 

Numerous  proofs  of  .shallow  hiiore  waf«*r,  and  IikmiiHt*  <4  r\piruiii'  tu 
the  air,  are  mipplied  by  luarkin^^H  left  by  atiiitiaf-^  t  a^4ii}|4''s  iiibiiltr 
burroWH  and  traiLs  of  worms,  tracks  of  iiiollitsks  and  ciiisias'f'aii-.  tin 
of  finhcH,  footprints  of  reptibx  birds  anil  nianiiiialH  iFiys.  *il  I,  lfi7|»  inai 


idl  be  presi‘r\ed  and  give  their  evideiii'c  ic«iirdiiri  fiii*  pIiyMieiil 
under  whieli  Me«!ini(!n!ary  fonmdions  w  ere  arriiiiiiilalrf!.  If  may  frr»|iif’tillr 
be  notieed  flint  such  imprcHHioiis  are  aHsnehited  tt'itii  rum 

printM  or  suii’-cracks  ;  fliat  niori*  tiiaii  otic  kirnl  of  eriilnic**  may  lie 
gleaned  from  a  locality  to  show*  that  if  inis  MUiiefiiiiC'-i  liiiil  liate  of  wnter, 
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The  more  striking  indications  of  littoral  conditions  being  comparatively 
infrequent,  the  geologist  must  usually  content  himself  with  tracing  the 
gravelly  detritus,  which  suggests,  if  it  does  not  always  prove,  proximity 
•to  some  former  line  of  shore.  Such  a  section,  for  instance,  as  that 
depicted  in  Fig.  213  may  often  be  found,  where  lower  strata  (a)  having 
iDeen  tilted,  raised  into  land,  and  worn  away,  have  yielded  materials  for 
^  coarse  littoral  ])oulder-bcd  (^),  over  which,  as  it  was  carried  down  into 
deeper  and  clearer  water,  limestone  eventually  accumulated.  Beds  of 
■conglomerate,  especially  where,  as  in  this  example,  they  accompany  an 
imconformability  in  the  stratification,  are  of  much  service  in  tracing  the 
limits  of  ancient  seas  and  lakes  (see  Part  X.,  p.  820). 

(las- spurts. — The  surfaces  of  some  strata,  usually  of  a  dark  colour 
<Find  containing  organic  matter,  may  be  ol)served  to  be  raised  into  little 
heaps  of  various  indefinite  shapes,  not  like  the  heaps  associated  with 
^vorm-burrows,  connected  with  pipes  descending  into  the  rock,  nor  com- 
j)osed  of  different  material  from  the  surrounding  sandstone  or  shale. 


Fig.  213. — Section  of  a  Beach  of  early  Mesozoic  age,  near  Clifton,  Bristol  (7J.). 
carboniferous  limestone  ;  h,  dolomitic  conglomerate— a  mass  of  boulders  and  angular  fragments  of  a 
(some  of  them  almost  two  tons  in  weight),  passing  up  into  finer  conglomerate  e,  with  .sandstohe 
and  marl,  and  thence  into  dolomitic  limestone  d. 

^Xliese  may  lie  conjectured  to  be  due  to  the  intermittent  escape  of  gas 
from  decomposing  organic  matter  in  the  original  sand  or  mud,  as  we  may 
f^ometimes  witness  in  operation  among  the  mud-fiats  of  rivers  and  estuaries, 
'where  much  organic  matter  is  decomposing  among  the  sediment.  On  a 
small  scale,  these  protrusions  of  the  upper  surface  of  a  deposit  may  be 
eompared  with  the  mud-lumps  at  tbe  mouths  of  the  Mississippi,  already 
<3 escribed  (p.  512). 

Surface-markings  due  to  Movement. — The  older  rocks,  which 
liave  been  longest  exposed  to  distimbances  of  the  crust,  not  infrequently 
present  on  the  surfaces  of  some  of  their  strata  curiously  ridged  or 
loranching  ])rotuberances.  These  markings  are  especially  to  he  seen  on 
•fclie  surfaces  of  shales  or  other  layers  of  comparatively  soft  material 
intercalated  among  harder  and  more  massive  rocks,  such  as  greywackes 
or  sandstone.  They  occasionally  simulate  organic  forms,  and  have  even 
l^een  described  as  fossil  sea-weeds,  to  which  their  branching  arrangement 
occasionally  oflfers  a  remarkably  strong  resemblance.  There  can  be  little 
doubt,  however,  that  in  a  large  number,  probably  the  vast  majority  of 
oases,  these  radiating  wrinkles  and  other  markings  are  entirely  of  inorganic 
origin,  and  have  been  the  result  of  differential  movements  of  the  strata 
xxnder  intense  strain,  and  are  most  marked  in  the  shales,  because  these 
strata  would  naturally  yield  most  readily.  They  may  1)6  imitated  arti- 
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ficiallv  by  introducing  a  layer  of  some  viscous  substance  between  two 
plates  of  ''ghss,  which  are  afterwards  pressed  together  or  moved  one  over 
the  otherd 


Fig.  214.— Section  of  alternations  of  Sliale  and  Concretionary  Liine.stone  ( I!.). 


Concretions. — Many  sedimentary  rocks,  more  particular!}'  clays, 
ironstones  and  limestones,  exhibit  a  concretionary  structure.  This 

arrangement  maybe  part  of  the  original 
sedimentation,  or  may  be  due  to  sub¬ 
sequent  segregation  from  decomposi¬ 
tion  round  a  centre.  Concretionary 
structures,  particularly  in  calcareous 
materials,  may  lie  so  closely  adjacent 
as  to  form  continuous  or  nearly  con¬ 
tinuous  beds  (Fig.  214).  The  Mag¬ 
nesian  Limestone  of  Durham  is  built 
up  of  variously  shaped  concretionary  masses,  sometimes  like  cannon-balls, 
grape-shot  or  bunches  of  coral.  Connected  with  concretionary  beds  are 
the  seams  of  gypsum,  which  may  occasionally  he  observed  to  send  out 
veins  into  other  gypsum  beds  above  and  below  them.  De  la  Beche 
describes  a  section  at  Watchet,  Somersetshire,  where,  amid  the  Triassic 


Fig.  215. — Sections  of  l)eds  and  connecting 
strings  of  Gypsum  in  the  Trias,  Watchet, 
Somersetshire  (B.). 


tres  and  exhibiting  the  continuation  of  tho 
Fig.  21tl.— Concretions  of  Limestone  in  Shale.  lines  of  .stratification  of  the  surroimdiiig  shales. 

marls  (h  h  in  Fig.  215),  seams  of  gypsum  {a  a)  connect  themselves  by 
means  of  fibrous  veins  with  the  overlying  and  underlying  lieds. 

^  A.  G.  Natliorst,  ‘Nouvelles  Observations  sur  les  Traces  d'Animaux,  &c.’  4to,  Btocklioliu, 
1886  ;  A.  Issel,  “Impressions  radicnlaires  et  Figures  de  Viscosite  ayant  rapparence  de  Fossile-s/' 
Bull.  Soc.  Belff.  Ghl.  iii.  (1889),  p.  450. 
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Ihe  most  frequent  form  of  concretions  is  that  of  isolated  spherical,  elliptical  or 
variously  shaped  nodules,  disposed  in  certain  layers  of  a  stratum  or  dispersed  irregularly 
through  it  (Fig.  216).  They  most  commonly  consist  of  ferrous  or  calcic  carbonates,  or  of 
silica.  Many  clay -ironstone  beds  assume  a  nodular  form,  and  this  mineral  occurs  abund¬ 
antly  as  separate  nodules  in  shales  and  clay-rocks  (Splifcrosiderite).  The  nodules  have 
frequently  been  formed  round  some  organic  body,  such  as  a  fragment  of  plant,  a  shell, 
bone,  or  coprolite.  That  the  carbonate  was  slowly  precipitated  during  the  formation  of 
the  enclosing  bed  of  shale,  may  often  be  satisfactorily  proved  by  the  lines  of  deposit 
passing  continuously  through  the  nodules  (Fig.  217).  In  many  cases,  the  internal 
first-formed  parts  of  a  nodule  liave  contracted  more  than  the  outer  and  more  compact 
crust,  and  have  cracked  into  open  polygonal  spaces,  which  are  commonly  filled  with  calcite 


FiK.  ‘218.— Clay  concretions  of  Alluvium  (nat.  size). 


(Fig.  25).  Such  scptarimi  nodules,  whether  composed  of  clay -ironstone,  or  limestone, 
are  abundant  in  many  shales,  as  in  the  Carboniferous  and  Liassic  series  of  England. 

Alluvial  clays  sometimes  contain  fantastically  shaped  concretions  due  to  the  con¬ 
solidation  of  the  clay  by  a  calcareous  or  ferruginous  cement  round  a  centre.  These  are 
known  in  Scotland  as  Fairy-stones,  in  the  valley  of  the  Rhine  as  Losspuppen, 
Lbssmanchen,  and  in  Finland  as  Imatra-stones  (Fig.  218  and  p.  439).  They  not  un¬ 
commonly  show  the  bedding  of  the  clay  in  which  they  may  have  been  formed.  Their 
quaint  imitative  forms  have  naturally  given  rise  to  a  popular  belief  that  they  are 
petrifactions  of  various  kinds  of  organic  bodies  and  even  of  articles  of  human 
manufacture.  In  Norway  they  occur  in  glacial  and  post-glacial  deposits  up  to  heights 
of  360  feet  above  sea-level,  and  enclose  remains  of  fishes  (of  which  16  species  have  been 
noticed),  as  well  as  other  organisms.^ 

^  Kjerulf,  ‘Geologic  cles  siidl.  imd  mittl.  Norwegens’  (1880),  p.  5  ;  R.  Collet,  Nyt. 
Mag,  xxiii.  No.  3,  p.  11.  The  most  voluminous  account  of  such  alluvial  concretions  will  be 
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Concretions  of  silica  occur  in  limestone  of  many  geological  ages  (p.  624).  The  Hints 
of  the  English  Chalk  are  a  familiar  example,  hut  similar  siliceous  concretions  occur  in 
Carboniferous  and  Oanibrian  limestones.  The  silica,  in  these  cases,  has  not  iiiire<pieiitly 
been  deposited  round  organic  bodies,  such  as  s})onges,  sea-urchins  and  niollusks,  which 
are  completely  enveloped  in  it,  and  have  even  themselves  been  silicified.  Iron-disul}diide 
often  assumes  the  form  of  concretions,  more  })articularly  among  clay-rocks,  and  these, 
though  presenting  many  eccentricities  of  shaj)© — round,  like  pistol-shot  or  cainimi-l)alls, 
kidney-shaped,  botryoidal,  &c.— agree  in  usually  possessing  an  internal  fibrous  radmted 
structure.  Phosphate  of  lime  is  found  as  concretions  in  formations  where  the  coi)roliles 
and  bones  of  reptiles  and  other  animals  have  been  collected  together  (p.  626). 

Concretions  produced  suhseq^uently  to  the  formation  of  the  roe.k  occur  in  some 
sandstones,  which,  when  exposed  to  the  weather,  decompose  into  large  round  balls,  hi 
other  instances,  a  feiTugiiious  cement  is  gradually  aggregated  by  percolating  water  in 
lines  which  curve  round  so  as  to  enclose  portions  of  the  rock.  These  lines,  owing  to 
abstraction  of  iron  from  within  the  spheroid  and  partly  from  without,  harden  into  dark 
crusts,  inside  of  which  the  sandstone  becomes  (piite  bleached  and  soft.*  Some  shab'^H 
exhibit  a  concretionary  structure  in  a  still  more  striking  manner,  iiiasimich  as  the 
concretions  consist  of  the  general  mass  of  the  laminated  shale,  and  tin*  lines  of  stratifica¬ 
tion  pass  through  them  and  mark  them 
out  distinctly  as  superinduced  upon  the 
rock.  Examples  of  this  structure  arc  not 
infrequent  among  the  argillaceous  strata 
of  the  Carboniferous  system.  The  con¬ 
cretionary  olive-green  shales  and  mud¬ 
stones  of  the  Ludlow  group,  in  the  njijier 
Silurian  system,  exhibit  on  weathered 
surfaces,  all  the  way  from  South  Wales 
into  Central  Scotland,  a  jiecnliar  struct ure 
which  consists  in  the  development  of 
concentric  spheroids  varying  from  less 
than  an  inch  up  to  several  feet  in  diameter, 
the  successive  shells  being  soparatc<l  from 
each  other  by  a  fine  dark  ferruginous  film  (Fig.  219).  The  lines  of  .stratification  are 
sometimes  well  marked  by  layers  of  fossils,  but  the  rock  splits  iq)  mainly  along  the 
curved  surfaces  separating  the  concentric  shells.  Concretionary  structures  are  found 
also  in  rocks  formed  from  chemical  precipitation,  as  for  instance  in  beds  of  rock-salt. 

The  structure  known  as  cone-in-coiie  ”  has  been  referred  to  pressure  (p.  421),  Inil 
in  many  cases  appears  rather  to  be  due  to  a  form  of  crystallisation  of  tin*,  constituent 
calcite  after  the  deposition  of  the  stratum  in  whicli  it  occurs.  The  calcium  (uirhonate 
has  crystallised  in  a  number  of  small  cones  one  within  another,  forming  a  succe.Hsion  of 
sheaths,  which  include  some  of  the  noii-cvystalline  surrounding  matrix,  and  are  gradu¬ 
ally  built  up  into  a  conical  aggregate  or  group  of  such  aggregates. 

Dendritic  Markings. — On  the  divisional  planes  of  fine-grained  rockn 
arborescent  deposits  of  earthy  oxides  of  manganese  or  of  iron  are  of 
frequent  occurrence  (Fig.  220).  Their  curiously  imitative  forms  have 
often  led  to  their  being  mistaken  for  fossil  ])lantH ;  hut  like  the 
plumose  shapes  assumed  by  ice  on  frosted  windows,  they  are  entirely  of 

found  in  a  quarto  volume  by  J.  M.  A.  Sheldon,  ‘  Coiieretion.s  from  the  (llianqdain  ('lays  of 
the  Connecticut  Valley,’  pp.  45,  witli  160  illustrations,  Boston,  1900. 

^  See  Penning,  OeoL  Mag.  Dec.  2,  iii.  May  1876  ;  and  “Eagle-stones,’^  (tule,  p.  187. 

-  H.  C.  Sorby,  Brit  Assne.  1859,  Sects,  p.  124  ;  W.  S.  Gresley,  Q.  J.  O.  H.  xli.  p.  110  ; 
G.  A.  T.  Cole,  Minmd.  Mag.  x.  (1892),  No.  46  ;  and  the  papers  cited  anfe,  p.  421. 


Fig.  210. — Concretionary  structure  in  Ui)])cr  Silurian 
Shales,  Cwin-ddu,  Llangain march,  Brecknock¬ 
shire  {B.). 
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inor‘j;aiiit*  orii^in,  ( )c(!;isi()ri;illy  this  nggrcgatioii  has  taken  phu:(‘. 

within  a  rock,  aaid,  inst(‘a<l  of  being  (‘onlinod  to  th(\  fine  fissure  of  a,  joint, 


has  I’adiatccl  through  tini  .su])stanc(t 
of  th(i  Htone.  When  tin^  matrix  is 
liglit  in  colour,  and  tlic  oxide*.,  as 
tisualj  is  dark,  reniarkabh*.  diagram- 
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ciosc  graimal  iimcfttean*  known  as 
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Alternations  and  Associations 
of  Sediments.  I'Ik  mgli  great,  vaike 
tarns  o{*cur  in  the*  nature  of  tla*Htrata 
composing  a  mass  <jf  sc.dimentary 
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stom‘s^  bn*  example,  a,r<*  bmnd  to  la* 
interhxued  with  shale  abme,  a.nd 
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mentation  took  plaee.  A  sandsPme  group  indicates  water  of  comparatively 
iiftle  clepilp  iii«n*ed  !>y  ehaitging  currents,  bringing  the  sand,  now  from  on<} 
side,  iirjw  from  another.  'File  passage  of  such  a  group  into  one  of  shah*. 
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Relative  persistence  of  Sediments, — A  little  refieciion  will  convince 
the  student  that  all  sedimentary  rocks  must  thin  out  and  disappear,  and  that 
even  the  most  persistent,  when  regarded  on  the  great  scale,  are  local  and 
lenticular  accumulations.  Derived  from  the  degradation  of  land,  they 
have  accumulated  near  land.  They  are  necessarily  thickest  in  mass,  as 
well  as  coarsest  in  texture,  nearest  to  the  source  of  supply,  and  become 
more  attenuated  and  fine-grained  as  the}^  recede  from  it.  AYe  have  only 
to  observe  what  takes  place  at  the  present  time  on  lake-bottoms,  estuaries, 
or  sea-margins,  to  be  assured  that  this  is  now,  and  must  always  have  been, 
a  law  of  sedimentation. 

But  while  all  sedimentary  deposits  must  he  regarded  as  essentially 
local,  some  kinds  possess  a  far  greater  persistence  than  others. 

As  a  general  rule,  it  may  be  said  tliat  the  coarser  the  grain,  the  more  local  the  extent 
of  a  rock.  Conglomerates  are  thus  by  much  the  most  variable  and  inconstant  of  all 
sedimentary  formations.  They  suddenly  sink  down  from  a  thickness  of  several  hundred 
feet  to  a  few  yards,  or  die  out  altogether,  to  reappear,  perhaps  farther  on,  in  the  same 
wedge -like  fashion.  Sandstones  are  less  liable  to  such  extremes  of  inconstancy,  but 
they  too  are  apt  to  thin  away  and  to  swell  out  again.  Shales  are  much  more  persistent, 
the  same  zone  being  often  traceable  for  many  miles.  Limestones  sometimes  occur  in 
thick  local  masses,  as  among  the  Silurian  formations,  hut  they  often  also  display 
remarkable  continuity.  Three  thin  limestone  bands,  each  of  them  only  a  few  feet  in 
thickness,  and  separated  by  a  considerable  mass  of  intervening  sandstones  and  shales, 
can  be  traced  through  the  coal-fields  of  Central  Scotland  over  an  area  of  at  least  1000 
square  miles.  Coal-seams,  too,  possess  great  persistence."  The  same  seams,  varying 
slightly  in  thickness  and  quality,  may  often  be  traced  throughout  the  whole  of  an 
extensive  coal-field. 


Fig-  223.— Section  to  illustrate  the  great  lithological  Uiflferences  of  contemporaneous  deposits 
occupying  the  same  horizon, 

a,  conglomerate ;  b,  sandstone ;  c,  shale ;  d  d,  limestone. 


What  is  thus  true  of  individual  strata  may  be  affirmed  also  of  groups  of  such  strata. 
A  thick  mass  of  sandstone  will  be  found  as  a  rule  to  he  more  continuous  than  one  of 
conglomerate,  but  less  so  than  one  of  shale.  A  series  of  limestone  beds  usually 
stretches  farther  than  either  arenaceous  or  argillaceous  sediments.  But  even  to  the 
most  extensive  stratum  or  group  of  strata  there  must  be  a  limit.  It  must  end  off, 
and  give  place  to  others,  either  suddenly,  as  a  bank  of  shingle  is  succeeded  by  the 
sheet  of  sand  heaped  against  its  base,  or,  as  is  more  usual,  very  gradually,  by  insensibly 
passing  into  other  strata  on  all  sides. 

Great  variations  in  the  character  of  stratified  rocks  may  frequently  be  observed  in 
passing  from  one  part  of  a  country  to  another  along  the  outcrop  of  the  same  rocks. 
Thus,  at  one  end,  we  may  meet  with  a  thick  series  of  sandstones  which,  traced  in  a 
certain  direction,  may  be  found  passing  into  shales  (Fig.  223).  A  group  of  strata  may 
consist  of  massive  conglomerates  at  one  locality,  and  may  graduate  into  fine  fissile 
flag-stones  in  another.  A  thick  mass  of  clay  may  be  found  to  alternate  more  and 
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Influence  of  the  Attenuation  of  Strata  upon  apparent  Dip. — ^Ylle^e 
a  thick  mass  of  sedimentary  materials  rapidly  thins  away  in  a  given 
direction,  a  deceptive  resemblance  to  the  effects  of  underground  movement 
may  be  observed.  If,  for  example,  we  suppose  that  on  a  perfectly  level 
bottom  a  series  of  sedimentary  beds  is  accumulated  at  one  place  to  a 
depth  of  5000  feet,  and  that  this  series  dies  out  in  a  distance  of  80  miles, 
the  inclination  due  to  this  attenuation  will  amount  to  a  slope  of  about  62 
feet  in  a  mile.  That  this  structure  has  not  been  without  considerable 
influence  on  the  apparent  dip  of  stratified  rocks  has  been  well  shown  by 
W.  Topley  with  reference  to  the  Mesozoic  rocks  of  the  south-east  of 
England.^ 

Overlap. — Sediment  laid  down  in  a  subsiding  region,  wherein  the 
area  of  deposit  is  gradually  increased,  spreads  over  a  progressively 
augmenting  surface.  Under  such  circumstances,  the  later  portions  of  a 
formation,  or  series  of  sedimentary  accumulations,  will  extend  beyond  the 
limits  of  the  older  parts,  and  will  repose  directly  upon  the  shelving 
bottom.  This  relation,  called  Overlap  (Fig.  226),  in  which  the  higher 


Fig.  2-2G.— Section  of  Overlap  in  tlie  Lower  Jurassic  series  of  the  South-west  of  England  (/>.). 

The  Old  Red  Sandstone  (e),  Lower  Limestone  Shale  (!>),  and  Carboniferous  Limestone  («)  having  been 
previously  upraised  and  denuded,  the  older  beaches  (d  m),  laid  down  unconforiuably  upon  them, 
were  successively  covered  by  conformable  Jurassic  beds.  The  Lias  (e),  with  its  upper  sands  (/),  is 
overlapped  by  the  extension  of  the  inferior  Oolite  {g)  completely  across  their  edges,  until  this 
formation  comes  to  rest  directly  on  the  Paheozoic  strata  at  n.  The  corresi)onding  extension  of  the 
overlying  Puller’s  Earth  Qi  1)  and  limestone  (f)  has  been  removed  by  denudation.- 

or  newer  members  are  said  to  “  overlap  ’’  the  older,  may  often  be  detected 
among  formations  of  all  geological  ages.  It  often  brings  before  us  the 
shore-lines  of  ancient  land-surfaces,  and  shows  how,  as  these  sank  under 
water,  the  gravels,  sands  and  silts  gradually  advanced  and  covered  them. 

This  structure  must  be  carefully  distinguished  from  Unconformability 
(postea,  p.  820).  In  Overlap  there  is  no  break  in  tbe  sequence  of 
formations ;  the  strata  that  overlap  follow  on  continuously  upon  these 
which  are  overlapped.  But  in  Unconformability  there  is  a  break  in  the 
succession,  the  overlying  rocks  have  been  laid  down  on  the  previously 
uptilted  and  denuded  edges  of  those  below  them.  In  Fig.  226,  for 
example,  the  upper  or  Mesozoic  formations  (d  to  i)  form  an  unbroken 
series,  so  do  the  lower  or  Palaeozoic  strata  (a  h  c),  but  the  latter  have  been 
disturbed  and  worn  down  before  the  deposition  of  the  strata  above  them. 
The  two  series  are  said  therefore  to  he  unconformahle. 

Relative  Lapse  of  Time  represented  by  Strata  and  by  the  Intervals 
between  them. — Of  the  absolute  length  of  time  represented  by  any  strata 
or  groups  of  strata,  no  satisfactory  estimates  have  yet  been  possible. 
Certain  general  conclusions  may  indeed  be  drawn,  and  comparisons  may 
be  made  between  different  series  of  rocks.  Sandstones  full  of  false- 
^  (p  J.  a.  S.  XXX.  (1874),  p.  186*.  -  De  la  Beclie,  ‘  Geol.  Observer,’  p.  485. 


bedding  \\*(*r(*  prnlsably  arrmnuIatiMl  inorr  ia|»i«ily  tliitii  fiiirl\ 
shales  or  davs.  ft  ihh’ohijiioii  in  miaiii  < '.’irbonitbrou,- 

to  find  }iu;4t‘  .si^^illarioid  and  eoiiitVroii^.  Inink-  iiiib«'ddi*ii  in  ii|»iyLdtf  or 
positions.  WlnTf,  as  in  l‘'i|4.  !!«7,  tfir  Iioivh  ai'fiially  ;4r»ni  on  flu* 
s|-)ot,  u'lirns  their  steins  nniniin,  if  i.%  eijdrfii  ihat  ihr  rate  oi  dopordt  of 
flu!  sediment  wliieh  l•^l^o^^bed  tliein  nni-?  been  -iitlirioni I\  lapicl  to 

have,  allowed  a  inas.'>  of  twenty  or  ihiii}  fVei  to  aet-iumihif e  }f«‘fore  fhi* 
decay  <d  the  wood. 
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duced  from  aboved  Largo  coniferous  trunks  (as  in  the  neighbourhood  of  Edinbrn-^li^ 
liave  been  imbedded  in  sandstone,  and  have  had  ' 

their  internal  microscopic  structure  well  pre-  _ _ _ _ 

served.  In  such  examples,  the  drifted  trees  seem  h 

to  have  sunk  with  their  heavier  or  root  -  end  _ ^ 

touching  the  bottom,  and  their  upper  end  point-  <j 

ing  upward  in  the  direction  of  the  current,  like  ' 

the  snags  of  the  Mississippi,  and  to  have  been  / 

completely  buried  in  sediment  before  decay.  |i.  j  — ^ 

Continuous  layers  of  the  same  kind  of  deposit 
suggest  a  persistence  of  geological  conditions  ; 

numerous  alternations  of  different  kinds  of  sedi-  a  — — E  — 

mentary  matter  point  to  vicissitudes  or  alterna-  . 
tions  of  conditions.  As  a  rule,  we  should  infer  r 
that  the  time  represented  by  a  given  thickness 
of  similar  strata  was  less  than  that  shown  by  the 
same  thickness  of  dissimilar  strata,  because  the 
changes  needed  to  bring  new  varieties  of  sediment  >> 
into  the  area  of  deposit  would  usually  require  the  ] 
lapse  of  some  time  for  their  completion.  But  "  ' 
this  conclusion  might  often  be  erroneous.  It  , 

would  be  best  supported  when,  from  the  very 

nature  or  the  rocks,  wide  variations  in  the  char-  liery,  Newcastle  (B.). 
acter  of  the  water-bottom  could  be  established,  tf,  High  Main  Coal-seam;  h,  bitumiuous 
Thus  a  group  of  shales  followed  by  a  fossiliferous  «^iale ;  r*,  blue  shale  ;  d,  compact  sand- 
limestone  wmuld  mark  a  period  of  slow  deposit  shales  and  sandstones;  f, 

and  quiescence,  almost  always  of  longer  duration  stone  •  r^sliale^*^^  ’  nncaceous  sand- 
tlian  would  be  indicated  by  an  equal  depth  of  .  ,  - 

sandy  strata,  ])ointiiig  to  more  active  sedimentation.  Tliick  limestones,  made  up  of 
remains  of  organisms  which  lived  and  died  upon  the  spot,  and 
b  whose  remains  are  crowded  together,  generation  above  generation, 

. must  have  demanded  prolonged  periods  for  their  formation. 

... .  ‘ V' ’  d  ^  speculations  of  this  kind,  we  must  hear  in  mind 

^  relative  length  of  time  represented  by  a  given  depth 

..  --.b'  /  I  strata  is  not  to  be  estimated  merely  from  thickness  or 

'  lithological  characters.  It  has  already  been  pointed  out  that 
1  K^4»q‘‘..  e  interval  between  the  deposit  of  two  successive  lamiiue  of 

; -  -  shale  may  have  been  as  long  as,  or  even  longer  than,  that 
as— required  for  the  formation  of  one  of  the  lamiiiie.  In  like 
Kbr  o.K,  tree  trunk  interval  needed  for  the  transition  from  one 

f')  imbelldfia^iu  saiid-  of  strata  to  another  may  often  have  been 

stones  (c  c)  and  shales  niore  than  equal  to  the  time  required  for  the  formation  of  the 
(d  d),  its  interior  lilled  strata  of  either  kind.  But  the  relative  chronological  import- 
with  different  sandy  and  anee  of  the  bars  or  lines  in  the  geological  record  can  seldom 
tuTwLL^'^coveml’by”!  .  satisfactorily  discussed  merely  on  lithological  grounds, 
sandstone  bed  pd  (/)'.)  must  mainly  be  decided  on  the  evidence  of  organic  re¬ 

mains,  as  will  be  shown  in  Book  V,  By  tliis  kind  of  evidence, 
it  can  be  made  nearly  certain  that  the  intervals  represented  by  strata  were  in  many 
cases  much  shorter  than  those  not  so  represented, — in  other  words,  that  the  time 

^  The  hollow  tree-trunks  of  the  Nova  Scotian  coal-fields  have  yielded  a  most  interesting 
series  of  terrestrial  organisms — land-snails  and  reptiles.  For  illustrations  of  trees  in  Coal- 
measure  strata  and  the  deposition  of  sediment  round  them,  see  the  Atlas  to  M.  Fayol’s 
memoir  cited  on  p.  635. 


sliale ;  r,  blue  shale  ;  d,  compact  sand¬ 
stone  ;  e,  shales  and  sandstones ;  f, 
white  sandstones  ;  ff,  micaceous  sand¬ 
stone  ;  h,  shale. 


Kig.  ’220. — Erect  tree-trunk 
(a  d)  imbedded  in  sand- 
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iufil  r,E(iTt:rTnMi  iN77*7^r  77  7/.! /,  I 

during  wlucli  n<>  ilrpiisil  t»l'  .si’diim  n!  Wfiit  on  at  any  iilai  lofahiy  w.i  i  ilwu 

that  \vli(‘rriu  (h-pohit  did  lake  plarf 

Ternary  Succession  of  Sediments,  fit  tin*  urdoi  id  ^ali 

mcuitatioii  iiiiioii'g  iIh*  siratititMi  riiuk««d’  thr  ttso  id»>rr\rr  will 

1)0  1(m{  to  nunark  a  iiioro  or  Ions dwtiriet  t  liriM'l'nlff  arraiigoiiifui!  or 
in  \vfii(di  the  sandy,  muddy  ami  c*alrai‘i'oii>.  .-a‘diini‘iilH  liavo  followed  rarfi 
other.  PliiliipH  and  hk  Hull  lia\«*  «'alh*d  alltiilitui  to  tlii^ 
illustrating  it  hy  refeu-enee  to  tin*  goologiral  foriualioirH  of  IJri'at  Iiriiaiu  ; 
while.  Newberry,  Sterry  Hunt  and  J.  \V,  Huwmoii  lia\r  fli«iii>.>,rd  if  in 
relation  to  t4u‘  strat igraphieal  Keries  of  Noiili  Aiiicrira.  Ai-t-urdiiig  !<> 
rrof('.sHor  Hull,  a  ua-tural  eyrie  of  Hi'diriieiitiitifUi  eon«ktH  of  llirei*  |»iia,o-.  ■ 
1st,  a  lower  stage  of  KandstoneK,  «hateH  ami  other  hedinieiifaiT  di^po^if., 
repr(*H(‘.ntiiig  prevahmee  of  lam!  with  (lowinninl  iiioi’iaiieiit  ;  a. 

middle  nUge,  chiefly  of  limeHtom%  reproHentiag  prinaleiica*  of  -nea  iiith 
general  ({taoHe.enee  ami  edahoratiou  of  ealeareoiw  cirgitide  hn  imiliiui.H ;  :irfl, 
an  upper  stage,  oiir.o  more  of  mecharijeal  sedimeiif*^  ifidirafite  of  prii\iiiiiii 
to  land.* 

Where  the  .ntnita  ar«t  iiUerriifded  !»y  di’^tiirtaiio*  aiid  aie-onfMi lu /*  lot-* ,  n,. 
siippfwe  the  eyele  of  hare  hi'eii  i  ojuplrfi-d  Uf,  •  pod.  nytil 

Hulmideiiee.  Illit  \vhi*re  the  eojjiiniiify  of  the  loriieitMiH,  it  ii!ih|.,k- ii.  s  e  1 1  ..i  m 
vast  tmetH  ia  North  Aiiieriia,  iiplii'iOiil  in  ii<»t  re»|!died.  md  tie-  I'.e  t  *  .» « lo  »  yd- .d  , 
an  PiilllipH  long  ago  nliowed,  oij  flit*  ideii  of  <1  oijt  ii}t«  lU  -ids  i*h  « 

Let  UH  MUppeHit  a  dowiittfird  luoveiuerit  to  ri»iiiiiienM%  ♦md  f,» 

gravel,  shingle,  Mfuid  and  olher  shalhiwaiafet  .p  nnnijl  oion f  fi-io  7>*  »5  .  i>»h 
of  neighUmiriiig  liiiifi.  If  the  deprenidoit  lie  i oiii|.4iaforkv  m|  e!,  tlo<  '  f. 
be  wiiTti'd  beyond  the  reiieh  of  at  bmt  the  hdid  ^  of  s'diloMif,  Uel  p' e  o,  j.io, 

.Heci'cting  (agimihitis  nmj  afterwitnii  begiii  to  f»,iio  a  r.ib  iimy.  ^ 

li<‘t  UH  imagine  furl  her,  I  loit  tlie  Hiibidden*  *>  r»>ii  h  «  fm  4  tifio-,  u,  i  iLu  >■',  tdo  4-  ,’n  u 
lation  of  organic  remaiiiH,  and  fartly  al'io  by  tip-  u*  if  mI  ft, 

Water  is  sballowed.  With  iIiIh  grailinil  .  iiaiig*'  <4  d»|i!ln  fbi*  n  *  b' ,.,0 

ornai  more  to  be  able  to  streieb  iieattiioL,  iiinl  oni.pjiid  I  i.*  ,'ifo'  ^  ,  »1j.  1, 
undm*  tlnmdtered  eireisiimtaneeH,  eritfir  In  h>  !dif»ii>i.  gi-elnd  0^11  y  .lyoi  i3»  t 
taken  |da(;e,  marked  by  beds  of  ffand  iiinl  iiniib  iiiilil  4  O’lo  *4  fb®  e  i-e  1,.  <,  ^  4j4> 
suddenly  or  slowly,  restores  tlie  |frev|oiifMl«'|if|i  and  ibatnr  nf  r  lO  ?  an-j  4ib*  \ 
the  old  marine  orgaiiiHiiis,  whieb  hiid  lii«i  oil,  01  line 

re.oreiipy  the  ana  ami  build  new  llriieMton*', 

Groups  Of  Sedimentary  Strata.  froiii  iiidiiidibil  in 

mnsHes  of  Htratificd  rock,  tim  geologist  findn  if  ririalfnl  fur  nisiiriiiriin*  i4 
refereiK't*  to  Knhdividc  thesi*  inff*  giouph.  Hi*  nvidln  bi!ip»ril  of  Hm  lmm*H 
of  classifiraiioit  (I  }  lithologif^iil  fdifirarln;  mid  rJi  ofg;iiiir‘  rviitniiiii, 

1.  'Flu*  Hulfdivi.sion  of  Htraliliefl  rorlcfi  intu  groiii^.  aei'iintiiig  to  tlnur 
mim*ral  aspect  is  mi  obvious  uml  fiisily  applimi  rLiHsifir'afiiiii,  Sfoiooiiu, 
it  often  Kcu'Vi'H  to  rofincrt  togeflicr  fficks  foriiird  cfuii iiiisoiiHly  in  ri*rtf4iii 
cir<-umHtanc(‘s  wldrli  «liflVrcd  from  tliow*  iiinlcr  ttliirii  ilie  iiinivr 

*  Phillip*,  .l/«rfo  O'ffJ,  Stu  i\  ii.  ;  'lirid.  loo/ 4.  ;  '  1.  p  ||  ■/, 

(Jfttii  f,  Si,  .ftj|>  Nd!*  ;  Xr%U«*in.  |...*»  |;  I'o.  I'...,  /  v  *0 

,V#d.  //nf.  Xtif  fiul,  No,  I,  |,.  ;  If. 04,  in  L%/ sn  .  .4  I’u,  ,u, 

isn.'b  j»,  fl‘i7  ;  Si,  ‘Jji4  p.  Id/;  !*«»  f/,  j,  1,,  >,  4  0 

p.  in*i;  ’  Anidiaii  lirob^gyb  |f.  |;ib,  roinpan  $<u  U.o  L.  V4/.  -1*.-}  In  f,|,,  /p.of  If,.-  , 

/Ao/.  /Ire.# I //#■;/,  11.  flHhC,  ,  p.  411  :  ,1.  Uufo!.  »/».  *  y.  ||. 
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below  were  laid  down — so  that  it  expresses  natural  and  original  subdivi¬ 
sions  of  strata.  In  the  middle  of  the  English  Carboniferous  system  of 
rocks,  for  example,  a  zone  of  sandy  and  pebbly  beds  occurs,  known  as  the 
Millstone  Grit.  No  abrupt  and  sharp  line  can  be  drawn  between  these 
strata  and  those  above  and  below  them.  They  shade  upward  and  down¬ 
ward  into  the  beds  between  which  they  lie.  Yet  they  form  a  conspicuous 
l)elt,  traceable  for  many  miles  by  the  scenery  to  which  it  gives  rise. 

Again,  the  red  rocks  of  Central  England,  with  their  red  sandstones,  marls,  rock-salt 

gypsum,  form  a  well-marked  group,  or  rather  series  of  groups.  It  is  obvious,  liow- 
ever,  that  characters  of  this  kind,  though  sometimes  wonderfully  persistent  over  wide 
tracts  of  country,  must  be  at  best  but  local.  The  physical  conditions  of  deposit  must 
always  have  been  limited  in  extent.  A  group  of  strata,  showing  great  thickness  in  one 
region,  will  be  found  to  die  away  as  it  is  traced  into  another.  Or  its  place  is  gradually 
taken  by  another  group  which,  even  if  geologically  contemporaneous,  possesses  totally 
dilferent  lithological  characters.  Just  as  at  the  present  time  a  group  of  sandy  deposits 
gradually  gives  place  along  the  sea-floor  to  others  of  mud,  and  these  to  others  of  shells 
or  of  gravel,  so  in  former  geological  periods,  contemporaneous  deposits  were  not  always 
lithologically  similar.  Hence  mere  resemblance  in  mineral  aspect  cannot  usually  be 
regarded  as  satisfactory  evidence  of  contemporaneity,  except  within  comparatively 
contracted  areas.  The  Carboniferous  Limestone  has  already  (p.  652)  been  cited  as  a 
notable  example-  Tyiucally  in  Belgium,  Central  England  and  Ireland,  it  is  a  thick 
calcareous  group  of  rocks,  full  of  corals,  crinoids  and  other  organisms,  which  hear 
witness  to  the  formation  of  these  rocks  in  the  open  sea.  But  traced  into  the  north  of 
England  and  Scotland,  it  passes  into  sandstones  and  shales,  with  numerous  coal-seams, 
and  only  a  few  thin  beds  of  limestone.  The  soft  clay  beneath  the  city  of  London  is 
represented  in  the  Alps  by  hard  schists  and  contorted  limestones.  We  conclude,  there¬ 
fore,  that  lithological  agreement,  when  pushed  too  far,  is  apt  to  mislead  us,  partly^ 
because  contemporaneous  strata  often  vary  greatly  in  lithological  character,  and  partly 
because  the  same  lithological  characters  may  appear  again  and  again  in  different  ages. 
By  trusting  too  implicitly  to  this  kind  of  evidence,  we  may  be  led  to  class  together 
rocks  belonging  to  very  dilfereiit  geological  periods,  and,  on  the  other  hand,  to  separate 
groups  which  really,  in  spite  of  their  seeming  distinction,  were  formed  contemporaneously. 

2.  It  is  by  the  remains  of  plants  and  animals  imbedded  among  the 
stratified  rocks  that  the  most  satisfactory  subdivisions  of  the  geological 
record  can  he  made,  as  will  be  more  fully  stated  in  Books  V.  and  VI. 
A  chronological  succession  of  organic  forms  can  be  made  out  among  the 
I'ocks  of  the  earth’s  crust.  A  certain  common  facies  or  type  of  fossils  is 
found  to  characterise  particular  groups  of  rocks,  and  to  hold  true  even 
though  the  lithological  constitution  of  the  strata  should  greatly  vary. 
jNIoreover,  though  comparatively  few  species  are  universally  diffused,  some 
possess  remarkable  persistence  over  wide  areas ;  and  even  when  they  are 
replaced  by  others,  the  same  general  facies  of  fossils  remains.  Hence 
the  stratified  formations  of  two  countries  geographically  distant,  and 
having  little  or  no  lithological  resemblance  to  each  other,  may  he  compared 
and  paralleled  simply  by  means  of  their  enclosed  organic  remains. 

Order  of  Superposition — the  Foundation  of  Geological  Chrono¬ 
logy. — As  sedimentary  strata  were  laid  down  upon  one  another  in  a 
more  or  less  nearly  horizontal  position,  the  underlying  beds  must  he  older 
than  those  which  cover  them.  This  simple  and  obvious  truth  is  termed 
the  Law  of  Superposition.  It  furnishes  the  means  of  determining  the 
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PAET  11  JOINTS  IN  STRATIFIED  ROOKS 

traverse,  we  may  consider  them  in  reference  to  the  three  great  classes 

of  Stratified  Rocks.— To  the  presence  of  joints  some  of  the  most 

familiar  features  of  rock-scenery  are  due  (Fig.  230) 

angles  at  which  they  cut  the  planes  of  bedding  in  the  f  “P^^^YLSSe 
definition,  in  the  regularity  of  their 

in  their  lateral  persistence,  in  number  and  in  the  directions  ® ’ 

section  As  a  rule,  they  are  most  sharply  defined  in  propoition  to  the 
fineness  of  o-rain  of  the  rock.  In  limestones  and  close-grained  shales  for 
example  they  often  occur  so  clean-cut  as  to  be  invisible  until  reimaled  by 
fracture’  or  by  the  slow  disintegrating  effects  of  the  weather  The  rock 
splits  up  along  these  concealed  lines  of  division,  whether  the  agent  of 


Fig.  231.-Joinm.B  iu  .pm-ry  o£  CaithneHS  Flag.s,  ..ear  HoH)..r..  Head. 

,.  .  ,  ,1  „  i,„mTnpr  nr  frost.  In  coarse-textured  rocks,  on  the 

re"oii  i  apt  *0.  1=  srsTe 

and  L  give  a  new  eeei.ity  «.neh  more  pro: 

But  this  symmetry  olteu  ^ves  plac  j  diflereut  strata  vary  coiisidor- 

iu  various  random  directions,  traced  for  many  yards,  sonietimes, 

ably  in  lithological  characters.  g  .  -u  rock  is  fine-grained,  as  111  lune- 

it  is  said,  for  several  miles,  more  the  joints,  though  abmulant,  run 

stone.  But  where  the  texture  is  coars  Jticular  can  be  identified  for  more  than 

into  each  other,  in  such  a  ^^ay  t  la  ^  stratified  rock  varies  within  Avide 
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terrestrial  movement  has  been  considerable,  the  rocks  are  so  jointed  as  to  have  acquired 
therefrom  a. fissile  character  that  has  nearly  or  wholly  obliterated  their  tendency  to 
split  along  the  lines  of  bedding. 

An  important  feature  in  the  joints  of  stratified  rocks  is  the  direction  in  which  they 
intersect  each  other.  In  general  they  have  two  dominant  trends,  one  coincident,  on 
the  whole,  with  the  direction  in  which  the  strata  are  inclined  from  the  horizon,  and  the 
other  running  transversely  at  a  right  angle  or  nearly  so.  The  former  set  is  known  as 
dip-Eints,  because  they  run  with  the  dip  or  inclination  of  the  rocks  ;  the  latter  is 
termed  strike-joints,  inasmuch  as  they  conform  to  the  strike  or  general  outcrop.  It  is 
owing  to  the  existence  of  this  double  series  of  joints  that  ordinary  quarrying  operations 
can  be  carried  on.  Large  quadrangular  blocks  can  be  ^wedged  off,  which  would  be 
shattered  if  exposed  to  the  risk  of  blasting.  A  quarry  is  usually  worked  to  the  dip  of  a 


Pig.  *232.— Plan  of  coarse  conglomerate  of  blocks  of  Cambrian  rocks  in  Curbouiferous  Limestoms 

traversed  by  a  line  of  joint  cutting  the  individual  boulders  iii  the  line  a  h.  Coast  near  tSk(*rries, 

Dublin  County  (P.). 

rock;  hence  the  strike -joints  form  clean-cut  faces  in  front  of  the  workmen  as  tiny 
advance.  These  are  known  as  “backs,”  and  the  dip-joints,  which  traverse  them,  as 
“  cutters.”  The  way  in  which  this  double  set  of  joints  occurs  in  a  quarry  may  be  seen 
in  Fig.  231,  where  the  close  parallel  lines  traversing  the  shaded  and  unshaded  faces 
mark  the  planes  of  stratification,  which  here  are  inclined  from  the  spectator.  The  .steep 
faces  in  light  are  defined  by  the  strike-joints  or  “backs.”  The  faces  in  shadow  have 
been. quarried  out  along  dip-joints  or  “cutters.”  It  will  be  observed  that  the  long  face 
ill  sunlight  is  cut  by  parallel  lines  of  dip-joints  not  yet  opened  in  quarrying  ;  while  in 
like  manner,  the  shaded  face  to  the  right  is  that  of  a  dip-joint  which  is  traversed  hy 
parallel  lines  of  strike-joint. 

Ordinary  household  coal  presents  a  remarkably  well-developed  system  of  joints.  A 
block  of  such  coal  may  be  observed  to  be  traversed  by  fine  lamina*,  the  surfaceH  of  many 
of  which  are  soft  and  soil  the  fingers.  These  arc  the  planes  of  stratification.  Per¬ 
pendicular  to  them  run  divisional  planes,  which  cut  each  other  at  right  angles  or  nearly 
so,  and  thus  divide  the  mineral  into  cubical  fragments.  One  of  these  sets  of  joints 
makes  clean  sharply  defined  surfaces,  and  is  called  by  English  miners  the  face,  sliine, 
cleat  or  lord;  the  other  has  rougher,  less  regular  surfaces,  and  is  known  as  the  end. 
The  face  remains  persistent  over  wide  areas;  it  serves  to  define  the  direction  of  "the. 
roadways  in  coal-mines,  which  must  run  with  it. 

According  to  observations  made  by  Jukes,  both  strike-joints  and  dip-joints  occur  in 
beds  of  recently  formed  coral-rock  in  the  Australian  and  other  reefs. ^  In  like  manner, 
a  remarkably  definite  .system  of  jointing  has  been  noticed  by  Mr.  Gilbert  in  the  recent 


^  ‘Manual  of  Geology,’  3rd  edition,  p.  184. 
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clayy  and  muds  of  the  dried-up  bed  of  the  Sevier  lake  in  Utah.  Such  modern  sediments 
have  certainly  never  been  subject  to  the  pressure  of  any  superincumbent  rock,  nor  to 
the  torsion  or  other  disturbance  incident  to  subterranean  movement.  That  great  force 
lias  sometimes  been  concerned  in  the  production  of  the  structure  is  instructively  shown 
in  some  conglomerates,  where  the  joints  traverse  the  enclosed  pebbles,  as  well  as  the 
surrounding  matrix,  in  such  a  way  tliat  large  blocks  of  hard  quartz  are  cut  through  by 
them  as  sharply  as  if  they  had  been  sliced  in  a  lapidary’s  machine,  and  the  same  joints 
can  be  traced  continuously  through  many  yards  of  the  rock  (Tig.  232).^  Indication  of 
relative  movement  of  the  sides  of  a  joint  is  often  supplied  by  their  rubbed  and  striated 
surfaces,  termed  slickeusides,  which  have  evidently  been  ground  against  each  other. 
They  are  often  coated  with  bmmatite,  calcite,  chlorite  or  other  mineral,  which  has 
taken  a  cast  of  the  striic  and  then  seems  itself  to  be  striated. 

Origin  of  Joints. — ^Probably  more  than  one  natural  process  has 
been  concerned  in  the  production  of  joints,  though  the  several  causes 
cannot  be  always  satisfactorily  discriminated  in  the  effects.  Two  main 
sources  of  these  divisional  rents  are  obviously  (1)  Tension,  where  the 
rocks  have  been  pulled  in  two  opposite  directions,  and  (2)  Torsion,  Avbere 
they  have  been  driven  together,  and  especially  where  they  haA’^e  been 
subjected  to  the  strain  of  torsion. 

(1)  Tension. — The  contraction  of  rocks  gives  rise  to  fissures  of  retreat  in  their  mass, 
whether  it  results  from  the  drying  and  consolidation  of  aqueous  sediments  or  from  the 
cooling  of  masses  that  have  .been  molten  or  have  been  highly  heated.  The  prismatic  or 
columnar  system  of  joints  observable  in  the  gypsum  of  the  Paris  Basin,  the  beds  of 
which  are  divided  from  top  to  bottom  into  vertical  hexagonal  prisms,  may  be  an  instance 
of  this  cause.*'^  A  columnar  structure  has  often  been  superinduced  upon  stratified  rocks 
(sandstone,  shale,  coal)  by  contact  with  intrusive  igneous  masses  (p.  769).  Where 
strata  are  thrown  into  arches  and  troughs,  they  necessarily  undergo  considerable  tension 
along  the  axis  of  the  folds,  and  when  the  stress  exceeds  their  elastic  limit  they  obtain 
relief  by  rupture,  probably  sometimes  in  the  form  of  innumerable  longitudinal  joints, 
sometimes  of  lines  of  fault.  This  cause,  however,  would  give  rise  mainly  to  one  set  of 
joints  parallel  to  the  strike  of  the  rocks. 

(2)  Torsion.— ‘In  experiments  on  the  behaviour  of  various  substances  under  the  strain 
of  torsion,  Daubr6e  produced  two  groups  of  cracks  oblique  to  the  axis  of  torsion,  crossing 
each  other  at  large  angles,  and  having  a  striking  resemblance  to  the  normal  intersecting 
joints  which  occur  among  stratified  rocks.  He  concluded  that  a  system  of  joints  may 
be  explained  as  the  results  of  the  torsion  of  strata  arising  during  the  movements  to 
which  the  crust  of  the  earth  has  been  subjected.^ 

Mr.  W.  0.  Crosby  in  1882  proposed  the  explanation  that  the  most  abundant  type  of 
joints,  that  of  the  straight,  parallel  and  intersecting  system,  arise  as  the  results  of  the 
earth -waves  generated  during  earthquakes,  the  rocks  through  which  the  waves  pass 
being  exposed  to  such  powerful  alternate  compression  and  tension  as  to  ruptiu'e  them.^ 

Joints  form,  natural  lines  for  the  passage  downAvard  and  upAvard  of 
subterranean  water  (p.  465).  They  likewise  furnish  an  effective  lodgment 
for  the  action  of  frost,  which  wedges  off  blocks  of  rock  in  the  manner 
already  described  (p.  532).  As  they  serve,  in  conjunction  with  bedding,  to 
divide  stratified  rocks  into  large  quadrangular  blocks,  their  influence  in  the 

^  De  la  Beche,  ‘  Geol.  Observer,’  p.  628. 

-  Jukes’s  ‘Manual,’  3rd  edition,  p.  180. 

‘iStudes  de  Geologic  exp^rimentale,’  p.  300  ;  and  ante,  p.  423.  His  experiments  have 
been  repeated  by  G.  F.  Becker,  Trans.  Amer.  Inst.  Min.  Engin.  xxiv.  (1894),  p.  130. 

^  W.  0.  Cros])y,  papers  cited  p.  658. 
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of  tlniso  roc-ks  is  stB*!!  in  th(i  syinin<*tri<*«il  Jind  iircliitoct.ui'nl  <is 
well  as  the  splint{‘J*(3(l  and  disloeati^d  aspects  so  familiar  in  the  si'cnery 
of  saiidstorio  and  liinestom*  distric'ts. 

2.  In  Ig'neous  (Massive)  Rocks.-  Whih*  in  stratified  ro(d<.s  the. 
divisional  p]ari(3s  consist  of  lines  of  heddinp?  and  of  joint,  (^nttin^  each 


Fi^.  — I’ttrpliyry,  lu'ar  tUynop;  Viiwr,  (lai^niarvfinNhir**.  «lei4r«l  iiy  a  mI 

i'loH*'  puritllol  JoiniH 


other  usually  at  a  high,  if  not  a  right  angle;  in  ignecaw  fmassive)  rocks, 
they  include  joints  only  ;  and  as  these  do  nch,  as  a  rule,  presimt  tin*  Haim* 
parallelism  as  lines  of  bedding,  unstratificd  rocks,  (‘ven  lliough  as  full  f»f 
joints,  have  not  the  regularity  of  arrangement  of  stratified  format ionn. 
Some  massive  rocks  indeed  may  havc^  one  system  of  divisional  plaiie.^ 
so  largely  developed  as  to  acquire  a  bc»<ldc3d  or  fisHile  eliaraeter.  lliis 
structure,  characteristically  shown  hy  some  plionoliten,  may  also  he  defeclcfl 
among  ancient  porphyries  (Fig.  2‘hi).  Mont  massive  rocIcH  are  traversed 
hy  two  intersecting  sets  of  chief  or  master’^  joints,  wherahy  the  rock  in 


1*%.  fif  Ommtr. 


divided  into  long  ({uadrangular,  rhomhoidal,  hexagcmal  or  |ioIygc»iiiil 
columns.  *  The  most  perfect  examples  of  columnar  or  prismatic  jf»iritiiig 
are  to  bo  found  in  rocks  of  the  Iwwdt  family.  A  third  «et  of  joints  may 
usually  b(i  noticed  cutting  across  the  columns  ami  articulating  them  into 
segments,  though  generally  less  continuous  and  dominant  than  tli«!  othrrM 
(Fig.  234).  When  these  lastuiamcd  crosH-jiunts  are  almurit  or  fimlily 
dev(3lopod,  columns  many  feet  in  length  can  lie  f|uarried  out  entire.  Hueh 
monoliths  have  lieen  from  early  times  employed  in  the  cmwtriictiofi  of 
obelisks  and  |)illar's. 
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In  large  masses  of  granite,  an  outward  inclination  of  the  natural  divisional  planes 
of  the  rock  may  sometimes  be  observed,  as  if  the  granite  were  really  a  rudely  bedded 
mass,  having  a  dip  towards  and  under  the  strata  which  rest  upon  its  flanks.  It  is  not 
a  foliated  arrangement  of  the  constituent  minerals  analogous  to  the  foliation  of  gneiss, 
for  it  can  be  traced  in  perfectly  amorphous  and  thoroughly  crystalline  granite,  but  is 
undoubtedly  a  form  of  jointing  by  reason  of  which  the  rock  weathers  into  large  blocks 
piled  one  upon  another  like  a  kind  of  rude  cyclopean  niasonryd  In  the  quarrying  of 
granite,  tlie  workmen  recognise  that  the  rock  splits  into  blocks  much  more  easily  in 
one  direction,  though  externally  there  is  no  trace  of  any  structure  which  could  give 
rise  to  this  tendency. 

Rocks  of  finer  grain  than  granite,  such  as  many  diorites  and  dolerites,  acquire  a 
prismatic  structure  from  the  number  and  intersection  of  perpendicular  ‘joints.  The 
prisms,  however,  are  unequal  in  dimensions,  as  well  as  in  the  number  and  proportions 
of  their  .sides,  a  frequent  diameter  being  2  or  3  feet,  though  they  may  sometimes  be 
observed  three  times  thicker,  and  extending  up  the  face  of  a  cliff  for  300  or  400  feet. 
It  is  by  means  of  joints  that  precipitous  faces  of  crystalline,  no  less  than  of  sedimentary 
roede,  are  produced  and  maintained,  for  they  serve  as  openings  into  which  frost  drives 
every  year  its  wedges  of  ice.  They  likewise  give  rise  to  the  formation  of  the  fantastic 
inrmacles  and  fretted  buttresses  characteristic  of  igneous  rocks. 

As  lava,  erupted  to  the  surface,  cools  and  passes  into  the  solid  condition,  a  contract- 
tiou  of  its  mass  takes  place.  This  diminution  of  bulk  is  accompanied  by  the  develop¬ 
ment  of  divisional  planes  or  joints,  more  especially  diverging  from  the  upper  and 
under  surfaces,  and  intersecting  at  irregular  distances,  so  as  to  divide  the  rock  into  rude 
prisms.  Occasionally  another  series  of  joints,  at  a  right  angle  to  these,  traverses  the 
mass,  parallel  with  its  upper  and  under  surfaces,  and  thus  the  rock  acquires  a  kind  of 
fissile  or  bedded  appearance.  The  most  characteristic  structure,  however,  among 
volcanic  rocks  is  the  prismatic,  or,  as  it  is  incorrectly  termed,  ‘‘  basaltic.’*  Where  this 
arrangement  occurs,  as  it  so  commonly  does  in  basalt,  the  mass  is  divided  into  tolerably 
regular  pentagonal,  hexagonal  or  irregularly  polygonal  prisms  or  columns,  set  close 
together  at  a  right  angle  to  the  main  cooling  surfaces  (Fig.  235).  These  prisms  vary 
from  1  inch  or  even  less  to  18  or  more  inches  in  diameter,  and  range  up  to  100  or  even 
150  feet  in  height.  Many  excellent  and  well-known  examples  of  columnar  structure 
are  exhibited  on  the  coast-cliffs  of  the  Tertiary  volcanic  region  of  Antrim  and  the  west 
of  Scotland,  as  in  the  Giant’s  Causeway  and  Fingal’s  Cave.  In  many  cases,  no  sharp 
lino  can  be  drawn  between  a  columnar  basalt  and  the  beds  above  and  below,  wdiich  show 
no  similar  structure,  but  into  which  the  prismatic  mass  seems  to  pass. 

Considerable  discussion  has  arisen  as  to  the  mode  in  which  this  columnar  structure 
has  been  prodiujcd.  That  it  is  a  species  of  jointing,  due  to  contraction,  was  long  ago 
pointed  out  by  Serope,  and' is  now  generally  conceded,  though  the  conditions  under 
which  it  is  produced  are  not  quite  clear.'-^  Professor  James  Thomson  showed  how  the 
columnar  structure  might  he  explained  as  a  phenomenon  of  contraction,  and  subsequently 
Mr.  Mallet  concluded  that  “all  the  salient  phenomena  of  the  prismatic  and  jointed 
structure  of  basalt  can  be  accounted  for  upon  the  admitted  laws  of  cooling,  and 
contraction  thereby,  of  melted  rock  possessing  the  known  properties  of  basalt,  the 
essential  conditions  being  a  very  general  homogeneity  in  the  mass  cooling,  and  that  the 
cooling  shall  take  place  slowly,  principally  from  one  or  more  of  its  surfaces.”  In  the 
more  perfectly  columnar  basalts,  the  columns  are  sometimes  articulated,  each  prism 

1  In  the  granite  of  the  axes  of  the  Rocky  Mountains  and  parallel  ranges  to  the  westward, 
a  kind  of  bedded  structure  has  been  described  as  passing  under  the  crystalline  schists. 

G-.  P.  Serope,  ‘Geology  and  Extinct  Volcanoes  of  Central  France,’  p.  92.  J.  Thomson, 
BriL  Assoc.  1863,  Sects,  p.  95.  R.  Mallet,  Proc.  Hoy.  Soc.  1875  ;  Phil.  Mag.  ser.  4,  vol.  i. 
pp.  122,  201.  T.  G.  Bonney,  Q.  J.  G.  S.  1876,  p.  140.  J.  Walther,  Jahrb.  Geol. 
lieicluanst.  1886,  p.  295.  J.  P.  hidings,  Amer.  Journ.  ScL  xxxi,  (1886),  p.  321. 
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being  separaWo  into  v(irtf‘bra‘,  with  a  cup-aiuMiJiIl  r.ockct  at  each  art iculatidii  •  Figs. 
and  237).  This  pa«ailiarit.y  \va.H  traco(i  l>y  Mr.  AlaJlct  In  tin*  rontract  i(»n  (»{' each  prism 
in  its  length  and  in  its  clianieter,  ainl  to  tin*  coiistMpKmt  pro<lnction  of  transvfi-M' joints, 
whi(ib,  as  the  resultant,  of  the  two  (tontraeting  strains,  art*  obli(pie  to  tin*  sides  of  tin* 
prism,  ])nt,  as  the  ohliipiity  les.sf'iiH  towards  tin*  eentr**,  in'cessarii y  as.Mune,  wh<*n  perteet, 
a  eai])~shape,  the  eonvc^x  siirtaeci  pointing  in  tin*,  sann-  diivetioii  as  that  in  which  the  priun 
has  grown.  This  (ixplanation,  how(‘vc*r,  will  hardly  account  for  cases,  which  arc  not 
unc-omnion,  whe.re  tluM'.onvexity  points  the  otjn*r  uav,  or  where  if  is  .sjiinetinics  in  one 
(lireetioii  and  sonudJines  in  the  oth<*.r. ‘  The  ri'niarkaijle  splicroids  '  Fig.  P  1.  p.  i.'it;.  uhiidj 
apficar  in  many  weathered  igneous  rocks  lichijlcM  basalts  may  he  due,  where  t  licy  are  not 
the  result  of  weathering,  to  continued  e’ontraetion  within  the  In-xagmial  or  polygonal 
sj)ae,os  delined  ])y  the  eolumnar  joints  and  eroHS-joints  of  a  ('ooling  nianh.  'Fhe  emitrjn* 
tion  of  these  blocks  would  tend  to  the  developnnmt  <»f  huee<*Hhivc  .spheroidal  slndls, 
which  might  remain  mutually  adherent  and  invinible  in  a  fresh  fnn*tiire  of  the  lork,  yet 
might  make  their  presence  effective  during  the  complex  pror.eK.Hi'.s  of  weidln'iing."  After 
some  exposure,  the  splieroids  of  basalt  begin  tt)  appear,  and  gradually  erumlde  nuay 
by  the  Huee.essive  formation  and  disappearanee  of  extenial  weitthered  cnists  «»r  coats, 


Fig.  235. -On Unary  eolimmiir  Fig.  2:ir*.  Hali-aniFHorkit!  Fta.  ir.i7.  M»«hlieiili.ai  .if  Oi,li 

Htnietiire  of  taiva.  JointuiK  of  eclninn*..  iiiid-Hoekci  rmitiii*. 


which  fall  off  into  sand  and  (-lay.  Almost  all  augitie  or  hornbleiiflic  rock»,  with  manv 
granites  and  iiorphyries,  exhilnt  the  tendency  io  deeompoHe  into  rotindei!  splimoidfil 
blocks.  The  columnar  struetunf,  though  abundant  among  modern  volcanif  r.M>ks,  bv 
no  means  confined  to  tliose.  It  is  as  well  displayetl  fniamg  the  laviri  <*f  the  Loiut  Old 
Red  Sandstone,  and  of  the  CarboniferouH  LimcKtone  in  CViitra!  Heoflaiid,  ii«  iuiiougthinc 
of  Tertiary  age  in  Auvergne  or  the  Vivarais. 

As  already  stated,  prismatic  forms  liave  btaui  superindiiee<i  upon  rock«  !»y  ii  high 
temperature  and  subHccpient  cooling,  m  where  coal  ami  mmlstone  have  lieen  invaded  by 
basalt.  Tliey  may  likewise  be  observed  t(»  arise  during  tin?  (toniolidiitioii  «>f  ii  Hiih»ffifir<* 
from  acpieous  solution.  In  starcb,  for  example,  the  columnar  >»tniduri*  iiniy  he  \ie|| 
<lovolope(l,  and  not  iufmpiently  rmliates  from  «*ertfiiii  centres,  m  in  hitwll  luid  other 
igneous  rocks. 

3.  In  Foliated  (Schistose)  Rocks.— -I'he  sehistK  likf*wi«ii  pfiswwH  tlndr 
joints,  which  approximattj  in  character  to  thoscj  anion|r  the  mmmvi* 
rocks,  but  they  are  on  the  whole  less  distinct  ami  continneuw,  while  tlieir 
effect  in  dividing  the  rocks  into  ohlong  inasseB  in  cofisiderably  modified 
hy  the  transverse  lines  of  foliation.  These  lines  filay  somewhat  the  siitiie 

^  Scropc*.  pointed  this  clearly  out  (OVo/.  Mh/j.  Hcptcuibcr  iH/fil,  thoiinli  Malic! 
November  lH7h)  replied  that  in  such  (tiiKcs  the  artic.uljitioiii  iijtif4  l«*  formed  jiinf  ultfuii  iln- 
<hviding  surface.,  between  the  part  of  the  rock  whicfh  coolcii  from  fil«»vii  iiwl  that  whuh 
cooled  from  ludow.  See-  also  on  this  .suhjc.*t  J.  P.  Odicilly,  Hmf.  Mt  drmi.  %%%i 

(1879),  p.  641. 

^  Bonney,  (^.  J.  O'.  S.  1876,  p.  1 .61.  The  peril! ic  ntriicturc  in  piidmldy  a  miiu'iwipii 
example,  of  tlic*  same  kiml  of  contnytion. 
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part  as  tliose  of  stratification  among  the  stratified  rocks,  thongli  with,  less 
definiteness  and  precision.  The  jointing  of  the  more  massive  foliated 
rocks,  such  as  the  coarser  varieties  of  gneiss,  approaches  most  closely  to 
that  of  granite  ;  in  the  finely  fissile  schists,  on  the  other  hand,  it  is  rather 
linked  with  that  of  sedimentary  formations.  Upon  these  differences 
much  of  the  characteristic  variety  of  outline  presented  by  cliffs  and  crests 
of  foliated  rocks  depends. 

Sandstone  Dykes. — Reference  may  perhaps  he  most  conveniently 
made  here  to  the  filling  up  of  opened  joints  or  fissures  with  sedimentary 
material,  so  as  to  give  rise  to  dj^ke-like 
veins  traversing  indifferently  any  kind 
of  rock.  In  some  cases  the  origin  of 
these  veins  is  obviously  due  to  the 
ordinary  deposit  of  sediment  over  an 
uneven  and  rifted  surface  of  submerged 
land.  If  such  a  surface  has  been  worn 
by  denudation  into  deep  clefts  and  narrow 
chinks  and  is  then  in  that  condition 
carried  down  beneath  sea -level,  these 
depressions  will  he  speedily  filled  up  with 
gravel,  sand  or  silt.  On  long  subsequent 
re-exposure  at  the  surface,  the  older  rock 
may  he  laid  hare  with  numerous  pipes  or 
veins  of  conglomerate  or  sandstone  de¬ 
scending  into  its  mass.  Good  illustrations 
of  this  structure  may  he  seen  on  the  south-western  flanks  of  the  mountain 
Slioch,  above  Loch  Maree,  Ross-shire  (Fig.  238),  where  ramifying  clefts 
in  the  denuded  surface  of  the  ancient  Lewisian  land  have  preserved  the 
sediments  of  the  Torrid onian  waters  under  which  that  land  was  submerged. 

But  many  instances  have  been  observed  where  the  explanation  is  not 
so  obvious ;  where  the  fissures  have  not  been  laid  bare  by  denudation, 
but  have  been  opened  loy  underground  movements  and  have  immediately 
or  speedily  been  filled  with  sedimentary  material.  Probably  in  most 
cases  the  infilling  has  been  from  above,  hut  in  some  examples  it  appears 
to  have  come  from,  below.  The  following  illustrations  will  show  the 
nature  and  wide  distribution  of  this  structure. 

Lava- streams  in  cooling  not  infrequently  split  open  in  irregular 
fissures.  Into  these  cavities  dust  and  debris  may  he  blown  by  wind  or 
washed  by  rain.  Where  the  molten  rock  has  entered  a  lake  or  the  sea, 
sandy  silt  may  be  washed  into  the  rents  and  gradually  fill  them  up. 
This  sediment  may  even  be  stratified  horizontally  between  the  vertical 
walls  of  its  enclosing  fissure.  Numerous  examples  of  this  structure  have 
been  observed  among  the  andesites  and  other  lavas  of  the  Old  Red  Sand¬ 
stone  of  Central  Scotland  (Fig.  336). 

^  Tlie  depth  of  tins  fissure  is  abont  3  feet.  Mr.  (J.  T.  Cloiig-li  lias  traced  another  example 
in  the  same  district  for  a  length  of  2  miles,  soiaetiiues  descending  lOO  feet  down  into  tlie 
gneiss.  Mr.  E.  Greenly  has  described  a  group  of  sandstone  pipes  in  Anglesey,  one  of  wliich 
descends  12  feet  from  an  overlying  sandsLoiie  into  a  limestone.  OeoL  May.  1900,  p.  20. 


Fig.  238. — Narrow  rifts  or  cracks  in  tlie 
Lewisian  gneiss  (a)  filled  with  Torri- 
donian  Conglomerate  and  Sandstone  (6), 
north  of  Fasach  Burn,  Kinlochewe, 
Ross- sh  ire. 1 
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ProfcHHor  I’avlow  lias  (lrsrril»»*d  .sraiH*:  dykt*--  *>t  hart!  thjit 

travcrKo.  Uu!  iVcoconiiaii  rlays  of  the  district  of  Alai  i  n  Itu.sia.  Ah  iIi.-m*  .  lays  luc  soft, 
fiHsures  opfiucd  in  them  inuHt  mh»ii  have  rlosrtl  uiih'  wapihiy  tilled  witlHoiuyni  niutrrial. 
Fortunalcly  this  inatciial  has  ciH‘htf4fd  (‘onti'inpHrancnns  «isj'aid*!UH  vvhirh  it  to  lu- 

a  Hand  of  ()lW*i!cnc  ii«c.  It  would  thus  appear  tliat  the  Xcurtuidan  rhya  Uy  hnirath 
an  older  Tertiary  sea,  that  they  wwv  rent  opm,  prohahly  hy  a  Miluiiaiine  rarthipuike, 


PiK-  Champ  of  HiualhtiUie  I)ykt»  In  Crelitc'r^oiw  siliafa  on  \orit}  l-’oils,  *4  f  4  f  1^4 1,, 

'  inonto  Valley,  t  tali  fern  iit.  Fhol.oiiriiph  l»y  J.  M  Ihifet,  I  ,  firol.  nm%,  liip  *l;ao  fo-ai 

inchfK  thick. 

and  that  tin*  tiHsuren  tlnw  priMiueed  ui-re  at  otioe  ftUp*!  Hftwitli  tlo-  iifid  4irlh 
of  the  overlying  Him 'floor.  Thesii  “  kra '*  lirrtiinc  m  llit«  way  tmimd 

BCjiHiuographHj 

Mr.  Whitman  C’rosn  has  dewrllmd*  frotri  tip*  likes  Petik  region  of  r«|*»iii4o.  lowli 
more,  amrimd  HcrieH  of  dyke^  whirh  traverws  it  pfed'iiiiihri^iii  granite.  « o|i%i*4 

of  fine  even -grained  mndi4hine  or  (|«firUilc%  lian  idled  11  lodwoik  t*f  fieitfli 

parallel  fiteuri'h  with  many  liranelses  find  eomijeriiiig  liiniH.  Tlie  vrtiw  vary  from  tliiti 

*  A.  P.  Pm  low,  c/ro/,  |o  UK 
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films  up  to  a  few  feet  in  breadtli,  bub  some  attain  a  width  of  many  yards,  while  two 
form  prominent  ridges  on  the  surface,  with  a  width  of  from  200  to  300  yards  each. 
The  largest  examples  can  be  followed  for  nearly  a  mile.  These  veins  have  more  recently 
been  examined  by  Air.  W.  0.  Crosby,  who  has  traced  them  for  many  miles  along  the 
ground  traversed  by  the  great  fault  of  Ute  Pass.  He  has  found  them  closely  accom¬ 
panying  this  dislocation,  and  nowhere  more  than  500  to  1000  feet  distant  from  the 
principal  line  of  displacement,  and  he  suggests  that  the  fissures  %vere  formed  at  the 
time  of  the  production  of  the  fault,  and  were  filled  in  with  sand  from  the  overlying 
Potsdam  sandstone.^ 

Sandstone  dykes  have  been  met  with  in  seme  number  in  Northern  California,  and 
under  conditions  which  have  suggested  another  explanation  of  their  origin.  Mr.  J.  S. 
Diller,  who  first  called  attention  to  them  in  that  region,  found  forty-five  examples  there, 
all  approximately  parallel,  usually  vertical,  and  varying  fi*om  mere  films  to  eight  feet  in 
breadth  and  from  200  yards  to  9^  miles  in  length  (Fig.  239).  They  consist  of  an  impure 
quartzose  sandstone,  and  intersect  the  Cretaceous  sandstones  and  shales  along  lines  of 
joint,  without  distortion  or  displacement  of  the  strata.  Mr.  Diller  has  suggested  that 
they  represent  fissures  caused  by  earthquakes,  which  have  been  filled  in  with  sand 
rapidly  injected  from  below,  probably  from  an  underlying  sandstone,  the  material  of 
which  resembles  that  of  the  dykes.^ 

Part  III.  Inclination  of  Kocks. 

The  most  casual  observation  is  sufficient  to  satisfy  us  that  the  rocks 
now  visible  at  the  earth’s  surface  are  seldom  in  their  original  position. 
We  meet  with  sandstones  and  conglomerates  composed  of  water-worn 
particles,  yet  forming  the  angular  scarps  of  lofty  mountains ;  shales  and 
clays  full  of  remains  of  fresh-water  shells  and  land-plants,  yet  covered 
by  limestones  made  up  of  marine  organisms,  and  these  limestones  rising 
into  great  ranges  of  hills,  or  undulating  into  fertile  valleys,  and  passing 
under  the  streets  of  busy  towns.  Such  facts,  now  familiar  to  every 
reader,  and  even  to  many  observers  who  know  little  or  nothing  of  system¬ 
atic  geology,  point  unmistakably  to  the  conclusion  that  most  of  the 
rocks  of  the  land  have  been  formed  under  water,  sometimes  in  lakes, 
more  frequently  in  the  sea,  and  that  they  have  been  elevated  into  land. 

But  further  examination  discloses  other  and  not  less  convincing  evi¬ 
dence  of  movement.  Judging  from  what  takes  place  at  the  present  time 
on  the  bottoms  of  lakes  and  of  the  sea,  we  confidently  infer  that  when 
the  strata  now  constituting  so  much  of  the  solid  framework  of  the  land 
were  formed,  they  were  laid  down  nearly  horizontally,  or  at  least  at  low^ 
angles  (ante,  p.  636).  When,  therefore,  we  find  tliem  inclined  at  all 
angles,  and  even  standing  on  end,  we  conclude  that  they  have  been  dis¬ 
turbed.  Over  wide  spaces,  they  have  been  upraised  bodily,  with  little 
alteration  of  horizontality ;  hut  in  most  places  some  departure  from  that 
original  position  has  been  effected. 

Dip. — The  inclination  thus  given  to  rocks  is  termed  their  Dip.  Its 

^  W.  Cross,  Bulk  Geol,  Soc.  Amer,  v.  (1894),  p.  225  ;  W.  0.  Ci’osljy,  /kdl.  BJssi’.t: 
Fistitute,  Mass,  xxvii.  (1895),  p.  113. 

^  Bull.  Oeol.  Soc.  Amer.  i.  (1890),  p.  411.  Mr.  Diller  refers  to  earlier  notices  of  the 
structure  by  Darwin  in  California,  J.  D.  Dana  in  Oregon,  Whitney  in  California,  and  M‘Cee 
in  Eastern  Central  Mississippi.  Mr.  Hay  has  described  some  instances  from  Nebraska, 
op.  cit.  iii.  (1892),  p.  56. 
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amount  is  exprnsscul  in  i nea.su r<‘(!  from  fhe  plane  of  fin*  horizon. 

Thus  a  S(^t  of  rocks  halhwny  hefavccui  the  horizontal  ami  \(*rlical  position 
would  he  said  to  dip  at  an  aiii^h^  of  Id  ,  wiulc  if  vertical  they  would  he 
Tnarked  with  the,  an^d(^  of  tit).  Tin*  incliiial imi  is  ineasurc*d  with  an 
instrument  tcn'infsi  tlu^  (1inonn*te!\  which  i^  varioimly  made,  hut  of  which 


Fil?.  *240.  ( 'Ijiifjnii'n'r  !}»»•  Ii'itf  rfiKlaliiiuii  ill*’  |K'«*eC'j3}i  4f»J 

(lliilf  tlH'  Him  uf  tli»*  orimiiiil.l 


one  of  the  simploBt  forms  in  shown  in  Fii^.  24{l.  This  eonsij^t.H  of  a  tliin 
strip  of  boxwood,  two  inehoH  hn>ad,  HlreiigtheinHl  with  brass  itlony  ilie 
edges,  and  divided  into  two  halves,  caieh  h  inches  long,  hinged  togcflier 
so  that  when  opened  out  they  form  a  fotii  rule.  On  tlie  iiiHiife  of  one  of 
thes(3  leaves  a  graduated  are  wdth  a  pemhiluiii  is  inserted.  Wlien  thf- 
instrument  is  held  horizontally,  the  pendulum  piunU  to  zero.  Wlieii 
placed  vertically,  it  inarkn  90  .  By  retiring  at  a  riglif  ;iiigle  In  the 
direction  of  dip  of  a  group  of  inelinec!  heds,  aittl  holding  the  cliiioiinier 
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before  the  eyt;  until  its  upper  edge  ccn'iichles  with  tlie  lim*  of  Iwiililing,  lu* 
readily  obtain  the  ajnount  or  angle,  of  dip.  In  olmervatifuiii  of  flsi«  iiiiliiii' 
it  is  of  course  neceHsary  either  to  place  the  clitioineier  i-iirirlly  |iarailel 
with  the  dii*ee-tion  of  dip,  or,  if  this  he  iinpfwmhb,  to  tiike  twfi  um%mtrp 
nnmtH,  and  calculate  fnmi  them  the  true  angled  Hiiriple  iw  ofmeri'afion 
of  dip  is,  it  is  attcmde.d  with  some  liabilithsM  to  error,  agaiiiiit  whieh  tin* 

’  In  j!!k(“»'.n  Memoir  on  tfii*  Soutli  Hiiit!i»r«i4iir**  in  «.#  ^ 

(‘Jiitl  edit.  p.  a  formula  i*'  ffivi'ii  for  riilnilatiriM  tin*  fnio  dip  from  tli«  ii|f|%iirui  flip 
ill  a  rlilf.  A  Koipliiral  lurthod  of  roiii|>!ifiiiK  tlir  trm*  ilip  from  *»r  ii|#|iMri4 

dipH  IifiH  }ht«  faigg»»4rd  l.y  Mr.  W.  II.  Oalton,  0*r**/.  p.  a:fi.  ar«»  IJin  if 

*  Physical  (JeoJogy;  ls«2,  p.  Iiio.  A.  Harkrr,  rW.  p.  IA|,  ismi  a  on  il*». 

n«c  of  the  protractor  in  ticid  j^coloj^y,  /%n>.  Ittut.  Ihfhlm  Sh>\  %jii.  ji, 
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observer  should  be  on  his  guard.  A  single  face  of  rock  may  not  disclose 
the  true  dip,  especially  if  it  be  a  clean-cut  joint -face.  In  Fig.  241,  for 
example,  the  strata  might  be  supposed  to  be  horizontal ;  but  another 
side  view  of  them  (as  Fig.  242)  might  show  them  to  be  gently  inclined  or 
even  nearly  vertical. 


Again,  a  deceptive  surface  inclination  is  not  infrequently  to  be  seen 
among  thin-bedded  strata.  Mere  gravitation,  aided  by  the  downward 
pressure  of  sliding  detritus  or  ‘‘  soil-cap,”  suffices  to  bend  over  the  edges 
of  fissile  sti^ata,  which,  though  really  dipping  into  the  hill,  are  thus  made 
to  appear  superficially  to  dip  away  from  it  (Fig.  243).  Similar  effects, 
with  even  proofs  of  contortion,  may  be  noticed  under  boulder-clay,  or  in 
other  situations  where  the  rocks  have  been  bent  over  and  crushed  by  a 
mass  of  ice. 


When  the  dip  is  outward  in  every  direction  from  a  central  point,  it 
is  said  to  be  qiM-qiul-versal  (A  in  Fig.  245).  Strata  thus  affected  are 
thrown  into  a  dome-shaped  structure ;  while  when  the  dip  is  towards  a 
central  point,  they  have'  a  basin-shaped  structure. 

Outcrop. — The  edges  of  strata  which  appear  at  the  surface  of  the 
ground  are  termed  their  Outcrop  or  Basset.  If  the  strata  are  quite 
horizontal,  the  direction  of  outcrop  depends  on  inequalities  of  the  ground 
and  variations  in  amount  of  denudation.  Perfectly  level  ground  lying 
upon  horizontal  beds  shows,  of  course,  no  out¬ 
crop,  for  the  surface  coincides  with  a  plane 
of  stratification.  But  occasional  water-courses 


have  been  eroded  below  the  general  level,  so 
as  to  reveal  along  their  sides  outcrops  of  the  w///////////////////ll/// ^ 
strata.  The  remarkable  sinuosities. of  outcrop  rij..  043.^.13, .(‘epiiv(‘ supcriiciui  dip. 
produced  by  the  unequal  erosion  of  horizontal 

strata  are  illustrated  in  Fig.  244,  where  A  is  a  map  of  a  piece  of  grournl 
deeply  trenched  by  valleys,  and  B  that  of  an  area  comparatively  little 
denuded.  In  both  cases  the  outcrops  are  seen  to  wind  round  the  sides 
of  the  slopes. 

Where  strata  are  inclined,  the  course  of  their  outcrop  is  regulated 
partly  by  the  direction  and  amount  of  inclination,  and  partly  by  th(* 
form  of  the  ground.  When  with  low  angles  of  dip  they  crop  ovi,  that 
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is,  risG  tf)  the  surtju'v,  ;i  ptjrf(*(‘tly  piv<M*  oi  y;r«»u!iu,  lh«*.  (HjI 

crop  runs  at  a  ariyh*  to  the  dip.  Ihi!  any  ift«*<|nalit ie.s  of  tin*  .-urfarc*, 
such  as  vall(iy>7  ra.viiH‘s,  hills,  and  ridy,vs,  uill,  a>  ifi  the  ra.se  ol  Imriyuntal 
beds,  cause  the-  outerop  t.o  <l(‘ser!lM‘  a  eiiaaiit oii’  c(»nrsj%  tlioiiyii  tin* 

<lif)  shouhl  remain  j)t‘riV(‘tly  st(aidy  all  tin*  uhit*.  If  a  line  «»f  precipitous 
should  run  dirts*!  Iv  with  t  he  dip,  the  out  er«>p  will  t  here  in*  eoineitleiit 


A 


with  I  he  dip.  I'he  <i(‘e5irrerH*e  of 
a  yeiitly  shehiu;^  \ alley  In  that 
pohitiiHi  will  eaust*  the  «juterop  to 
demauid  tm  tute  sitie  and  to  mount 
itt  a  eorrespomlin;^  way  on  the 
other,  HO  a?^  to  form  a  \*  hliaped 
indemtation  in  its  eotirse.  A  ridyi% 
oti  tlm  ot!ii*r  hand,  will  pn>d!ic*e  a 
delleciion  in  tlie  opposite  direction. 
Hence  a  series  of  parallel  ridp*H 
and  valhn's,  niniiin;^  in  the  .siine 
direction  as  the  dip  of  tin*  sliata 
umle.rneut li,  <*aiiseK  the  oiipaop  to 
cheserihe  a  widely  smpmiliiioiiH 
eourhf\ 

Idle  lireadlli  of  tin*  fiiitcrop 
depfuids  on  the  tliiclciie*sH  oi  tin* 
stratuiri  and  on  tlie  aniile  itf  dip. 
A  bed  oiii*  foot  thick  tiirliiied  a! 
an  iingh*  of  1\  oii  a  perfectly  Imei 
piee<»  of  ground  would  li.-ne  an 
outen^)  about  fd)  feel  broad.  At 
a  dip  of  7b'  the  bread! It  fd  the 
outcrop  would  III!  a  little  over  1 1 
feet.  At  .10  it  woitlil  i«*  reclueeil 
to  2  feet,  iMid  the  diiiuiiiition  wonlif 


r'ijj;.  244.— -Himioiw  ef  horl^myd  St.mtft 

(It'jxMuling:  on  of  Kiirfac*?. 

'I’lifj  wavy  black  linen  mark  the  oiitcrnn«  of  succcHshr 
coiiforrna!»lc  hnrlj'.ontal  IwUh. 


continue  until,  wdieii  the  bed  w‘ii« 
on  end,  the  lireadih  of  the  outerop 
would,  uf  eoiime,  exiictly  eorreH|ii»iid 
with  the  thiekufffiH  of  flic  l«*d. 


Jt  is  further  to  be  observed  that  among  vertical  roekii,  the  ilirectiofi  of  the 
outcroj)  nocajssarily  corresponds  with  the  strilci!,  fuid  eonfiiitieii  to  ilo  mo 
irrcBp(!etivo  altogether  of  any  irreguliirities  of  the  grouiifl.  I1ie  hnver 
therefore  the  angle  of  inclination,  tJie  greater  m  fliti  of  stirfiiee 

inequalities  upon  the  HfU!  of  outcrop;  the  higher  ttn*  angle,  the  hnn  ik 
that  influence,  till  when  the  beds  stainl  on  end  it  cimncM. 


Strike. . A  horiy^ontal  line  drawn  «at  a  right  iiiiglii  to  flic  dip  m  tmllcfl 

thc!  Strike!  of  the  rocka  From  what  has  just  Kiiid,  this  liin*  niiwt 
coineide  with  outc*rop  when  the  surface  of  tin*  ground  in  qiiiti*  level,  iw  on 
the  bcaeh  in  Fig.  24 o,  and  also  when  the,  l»ed«  are  vertifiiL  At  all  other 
tinnsH,  strike  and  outcrop  are  not  strictly  roinciflent,  Iftii  the  liitliir 
wanders  to  and  fro  across  the  former  according  to  dmngm  in  tlie  coiifoiir 
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of  the  ground.  The  strike  may  be  a  straight  line,  or  may  curve  rapidly 
in  every  direction,  according  to  the  behaviour  of  the  dip.  A  set  of  beds 
dipping  westwards  for  half  a  mile  {a  to  h,  Fig.  245)  have  a  north  and 
south  strike  for  the  same  distance.  If  the  dip  changes  to  S.W.,  S.,  S.E., 
and  E.,  the  strike  will  bend  round  in  a  curving  line  (as  at  S).  In  the  case 
of  a  qud-qud-versal  dip  the  strike  forms  a  complete  circle  (as  at  A).  The  dip 
being  ascertained  gives  the  strike,  but  the  strike  does  not  certainly  indicate 
the  direction  of  dip,  which  may  be  either  to  the  one  side  or  the  other. 


Fig.  245. — Geological  Max),  showing  strata  exposed  continuously  along  a  beach 
and  occasionally  in  the  interior. 


Two  groups  of  strata,  dipping  the  one  east  and  the  other  west,  have  both 
a  north  and  south  strike.  Strike  may  be  conceived  as  always  a  level  line 
on  the  plane  of  the  horizon,  so  that,  no  matter  how  much  the  ground  may 
undulate,  or  the  outcrop  may  vary,  or  the  dip  may  change,  the  strike  will 
remain  horizontal.  Hence  in  mining  operations,  it  is  commonly  spoken 
of  as  the  level-course  or  level-hearing.  A  ‘‘  level  ”  or  underground  roadway, 
driven  through  a  coal-seam  at  right  angles  to  the  dip,  will  undulate  in  its 
trend  if  the  dip  changes  in  direction,  but  it  may  be  made  perfectly  level, 
and  kept  so  throughout  a  whole  coal-field  so  long  as  it  is  not  interfered 
with  by  dislocations. 

In  Fig.  245,  the  strike  and  outcrop  are  coincident  on  the  Hat  beacli,  but  cease  to  be 
so  the  moment  the  ground  begins  to  slope  up  into  the  coast-cliff.  This  is  seen  in  the 
eastern  half  Qf  the  map,  where  the  lines  of  outcrop  slant  up  into  the  cliff  at  an  angle 
dependent  mainly  on  the  amount  of  the  dip.  A  section  drawn  in  the  line  L  L'  would 
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Hhow  ili(i  ^^(‘olo^irai  .strnriurr  r(*j»iVNfijt«‘<l  in  Ki<(.  I*y  tin*  if  is 

possible  to  (ss^irn/ifc  the  tliicKursH  of  a  Nprins  of  bods,  .uni  bou  far  la-iirafli  tin*  Mjrfaoe 

any  ffivtni  }>e(l  be  experti'd  to  bo  fomid.  If,  b-r  instuioo,  tin*  hoii/oni.i!  di.Hfajn'i* 

across  tlie  .strikf^  bet  wren  beds  S  mid  A  •  ‘Jib  uur  loiind  to  !»«•  tfOO  fni,  witb  a 

in(‘an  dip  of  ir>'7  tlie  actual  tldckin-.ss  would  be  bl'S  b>rt,  and  brd  A  wtuibl  !»•  iiamd  a! 
a  depth  of5.‘5*8  feet  ladowtlie  oubTop  ofS.  If  I  !ir  saiiu*  drvriopuicnt  ofi^tiata  «'oiit  imirs 
inland,  the  bed  A  Hlnmld  hr  found  at  a  little  nioro  than  l!t)u  fret  bcuejith  flu-  .aniiic**,  if  a 
hor(!  W(‘.n*  nuuk  to  it  in  the  eptarry  If  th«*  total  depth  of  rork  betwt'eii  n  be 

1000  feet,  tluui  evidently,  if  the  strata  could  be  restored  fu  Ihrir  ori‘4i!ial  appio\tiiiateIy 
Iiorizontal  position,  with  bed/#  at  the  surfare,  bed  woidd  be  eoveied  in  a  depfli  of  luiiu 
feet.  It  will  be  notieed  nlso  that  m  the  anj^jb'  i4’  dip  inereahes,  the  out«'io|u  .ye  ilineby 
brought  edoser  together.  Where  the  «mt«'r«ps  rstn  along  iLe  itoo  .ifa  rfiff  »»i  Urep  bank 
(B)  they  muHt  likewine  be  drawn  together  on  a  map.  In  reality,  of  eouise,  tbrnr  uiiia 
tioiis  take  place  tliougli  the  Haine  %u*rt leal  thick nesM  «)f  rot  k  may  rviaywlieir  nil.  ivuu* 
between  the  Htiveral  outeropH. 


KIk.  ‘i-Jfi.  -  Seebon  lie*  her  b  L  m  f  i,?.  vM  * 


It  is  UHually  deBirable  to  estimate  the  f  hi«*kfii'h.He«4  of  Mtntla,  rnpe*  mini*,  .ih  in 
JEfig.  246,  they  are  expomnl  in  eontiniiciiiH  f<ii*etion.  A  tlioti^jh  ted  H.|iief|y 

accurate  rule  for  tlii«  purpo»e  may  be  applied  irt  tme«  wliere  tin*  afiifle  *4  iii*d}|i;if  iiui  i, 
less  than  45".  The  real  thiekneMH  <»f  a  ntass  of  inclined  niay  Ijr  fukiii  to  hr  y,  i4 

its  afipurent  thicknesH  for  every  5 'of  dip.  'riiiH  if  a  wt  of  b«*ds  dtps  «tc,i»iily  tu  tm*- 
direction  at  5’’  for  a  horij^ontal  Hpitet*  of  12CICI  feet  iiieasiirrd  peipeiidir  iibiily  l»»  llie  fdi  ik* , 
tlndr  actual  thiekue«K  will  be  ,h,  or  If)(i  feet.  If  t|j*»  dip  be  lA  .  llir<  inie  ihwhiirm  mib 
be  or  HOD  feet,  and  ho  ond 


Faht  IV.  (‘ruvATritii’* 

A  little  refiectiem  will  sliow  tliiit  tliiiugfb  w*  fitr  ii?^  tli«*  tiilliiig 

portioriH  of  the  rockH  viiiible  at  the*  mirfiiuct,  wa  itiiglit  rifgard  thr  im  Iiufaf 
surfacoH  of  ntrata  as  parte  of  straight  llioj  tiiinif  inniuiliidi^-HM  !«* 

parts  of  large  carves.  Take  for  exiaiiph*  the  i4iTti*ui  in  Fig*  -  At  flic 
left  hand  the  strata  descfaicl  l>eiii*atli  the  liorfiiei*  al  an  *»!  «»»  inure 

than  15",  but  at  thes  opposite  end  the  iingle  Imii  rinen  tu  Fdi  .  Hieie  lieiiig 
no  dislocation  or  alinipt  ehange  of  ineliiiiitioih  it  k  iniiirfit  tliiii  tip’  hrtk 
cannc)t  proceed  inilefinitely  downward  at  the  wliieh  tliey  lime 

*  Maeluren’s  ‘(Irohtgy  of  Fife  find  liic  l.oflij-iii  /  "ied  rdit  |»  ■  ,  I  j  »  ibb 

estimating  di[»  and  Ihiektie.Hs,  nn*  ‘  \l4titril,"  p.  71^  ;  I’','..;  i,*  4  ' " 

p.  460. 

"  A  usrftd  eouipendiiun  of  iiiforriiatioH  regarding  gcrdoj.;ir'd  f.  iPi'-  b  i  >.:i  I  ih  >h  > 
eiirvaturi'H  of  rorks  been  prepared  by  M.  K.  rfe  ’H'iijrrsr  find  •  -  I  I  Ilf  50.,  'I# 

Dfsloent  ions  de  iTleoroe  terriedre/  1  HHH,  Ziuieli  *jn  re-iirli  and  \  nf  -  •  f  ♦b 

variouM  types  (;f  pliraf son  and  *!i:4of*ation  of  re«‘l  r,  gnm  b|  i  W  Jb  jn  Jo  iiee-ou  i*. 
‘‘d’he  Meehauitu  of  AppHlaefiiiin  Slrii«'ttir«%“  IIS  fin  /./f/*  Jee,  /P/*  i*  >'  y,  |^•l|  ^  .nb 
later  di.s(pu.siti«in  will  be  found  f»\  i\  Ik  Van  Huf  m  A  n  *|  l?*A,  'd;?* 

419  and  r»!»:k 


PART  IV 


CURVATUB.E  OF  ROCKS 


673 


at  the  surface,  otherwise  they  would  run  away  from  each  other,  but  must 
bend  round  to  accommodate  themselves  to  the  difference  of  inclination. 
By  prolonging  the  lines  of  bedding  for  some  way  beneath  and  above  sea- 
level,  we  can  show  graphically  that  the  strata  are  necessarily  curved  (Fig. 
248).  A  section  of  this  kind  brings  out  clearly  the  additional  fact  that 
an  upward  continuation  of  the  curved  beds  must  have  been  carried  away 
by  the  denudation  of  the  surface.  In  every  instance  therefore  where,  in 


Fiji;.  247.— Seftioii  of  Inclined  Strata. 


walking  over  the  surface,  we  traverse  a  series  of  strata  which  gradually, 
and  without  dislocations,  increase  or  diminish  in  inclination,  we  cross  part 
of  a  curvature  in  the  strata  of  the  earth’s  crust.  The  foldings,  however, 
can  often  be  distinctly  seen  on  cliffs,  coast-lines,  or  other  exposures  of 
rock  (Fig.  249).  The  observer  cannot  long  continue  his  researches  in  the 
field  without  discovering  that  the  strata  composing  the  earth’s  outer  crust 
have  been  almost  everywhere  thrown  into  curves,  usually  so  broad  and 
gentle  as  to  escape  observation  except  when  specially  looked  for. 


/ 


Fig,  248. — Section  of  Inclined  Strata,  as  in  Fig.  247,  showing  that  they  form  part  of  a  large  curve. 

If  the  inclination  and  curvature  of  rocks  are  so  closely  connected,  a 
corresponding  relation  must  hold  between  their  strike  and  curvatuic. 
In  fact,  the  prevalent  strike  of  a  region  is  determined  by  the  direction  of 
the  axes  of  the  great  folds  into  which  the  rocks  have  been  thrown.  H 
the  curves  are  gentle  and  inconstant,  there  will  he  a  corresponding  varia¬ 
tion  in  the  strike.  But  should  the  rocks  be  strongly  plicated,  there  will 
VOL.  I  2  X 


STinK^Tl'HM.  Fhn/jKn  !uh»k  i\ 

neccsnarilv  Ini  most  thor<Mi,i*[i  (’oinci(l(*iHM*  Itrtwoori  flio  strike  and  the 
direction  of  th(‘  pliealimi. 

Monoclines.  <‘urvalur(‘  oc*easi(Hially  shows  itsedf  ainony  iiori/onlal 
or  eontlv  inelined  ntrata  in  the  form  of  ati  alinipt  itadjaal ion,  ami  tiien 
a,n  iniinoilial.ct  resuiiipt.ion  of  the  priwiiais  Ihit.  (»r  ‘^etifly  sh^pitty  po-iiiun. 
'rh(‘.  stra-t.a  a,r<^  t.hus  hent.  up  ami  r-ontiniie  « ai  t In*  o! her  siife  of  the  to|«| 


Fl|^.  HfC'llfin  ol  a  MMiioriiiiiil  I  »*|*t  r4»'  *a  w«  *ia 

fljittcai  down  iowarcln  the  nortli  i%nmh.  Frohahly  the  iiiohI  |4i|»;iiilir  nioia# 
e.litial  folds  in  tlui  world  are  those  into  wideh  the  nninirhahiy 
and  undisttirlxul  roeks  of  the  Western  StnteH  ami  IVrrifoiirt^  i»|  llir 
Ani{*nea.n  Union  have  he,en  thrown.* 

hVom  the,  alMindaana^  of  intdineti  Htrata  all  fhe  moilih  liiay 
r<‘a<Iily  fHn’e(dv<‘ that  the  normal  structure  td  the  visible  |iarf  of  ilnM^aitii 

*  Sci'  tlaj  ilisrii  ..Nioin  of  liailry  VViliin  said  \\%u  llo**,  <•  lO-i  r  4"' 

Po\v(dr«  ‘M*].\jdonitif >11  oif  thr  Odlunutj  Hivi-r  ot  llir  W*-  t/‘  ^fi'l  ’4  I  ss 

MfmiittinH,”  in  Ihc  Iltptu'f  i  of  tln'  riiitol  Sfiitr-.i  (irari'irlri’ •*!  td'**!  si 

Duttcai’s  *  High  niati'jtm  f»f  I  "tula’ ami  ‘  Iii‘4or}‘ <d  fli»<  Hoiad  ,  lolVro/i  '  o.  ", 
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crust  is  one  of  innumerable  foldings  of  the  rocks.  Sometimes  more 
steeply,  sometinaes  more  gently  undulated,  not  infrequently  dislocated 
and  displaced,  the  sedimentary  accumulations  of  former  ages  everywhere 
reveal  evidence  of  great  internal  movement.  Here  and  there,  the  move¬ 
ment  has  resulted  in  the  formation  of  a  dome-shaded  elevation  of  the 
strata,  wherein,  as  if  pushed  up  from  a  single  point,  they  slope  away 
oil  all  sides  from  the  centre  of  greatest  upthrust,  with  a  (jud-qua-irrsal 
(PP*  G71).  Where  the  top  of  the  dome  has  been  removed,  the 
successive  outcrops  of  the  strata  form  concentric  rings,  the  lowest  at 
the  centre,  the  highest  at  the  circumference,  the  dip  being  outwards 
from  the  centre  (A  in  Figs.  245  and  246).  The  converse  structure, 
where  the  strata  have  sunk  towards  a  central  point,  gives  rise  to  a  basin 
in  which,  after  exposure  by  denudation,  the  outcrops  of  the  strata  like¬ 
wise  form  concentric  rings,  but  where  the  dip  is  inward  to  the  middle  of 
the  basin  {s  in  Fig.  246). 


i!51.-~-Arc5h,  or  Auticlinc,  wliicli  has  iDeeii  deniKied  by  tbe  removal  of  bLMls,  as  shown  by 
th(i  dotted  line  a  c  above  the  axis  h. 

Anticlines  and  Synelines, — In  the  vast  majority  of  cases,  however, 
the  folding  has  taken  place,  not  round  a  point,  but  along  an  axis. 
Where  strata  dip  away  from  an  axis  so  as  to  form  an  arch  or  saddle, 
the  structure  is  termed  an  Anticline,  or  anticlinal  axis  (Fig.  251). 
Where  they  dip  towards  an  axis,  forming  a  trough  or  basin,  it  is  called  a 
Syiicline,  or  synclinal  axis  (Fig.  252).  In  a  simple  or  symmetrical 
fold  the  axial  plane  is  vertical  or  approximately  so,  and  the  limbs  have 


rig.  ‘J152. — Trough,  or  Syiicline,  witli  .strata  (a  c)  rising  from  each  side  of  a  central  axis  (b). 

on  the  whole  the  same  general  angle  of  inclination  in  opposite  directions 
(Figs.  251,  252).  In  many  cases,  however,  the  axis  is  markedly  in¬ 
clined  and  the  dip  on  one  side  is  much  steeper  than  on  the  other,  though 
on  both  sides  still  towards  opposite  directions.  This  inclination  may 
increase  until  the  fold  is  bent  over,  so  that  the  strata  on  one  side  are 
inverted  and  the  dip  is  in  the  same  direction,  though  it  may  be  at  different 
angles,  in  the  two  limbs. 

An  anticlinal  or  synclinal  axis  must  always  die  out  unless  abruptly 
terminated  by  dislocation.  In  the  anticline,  the  crest  of  the  fold,  after 
continuing  horizontal,  or  but  slightly  inclined,  at  last  begins  to  turn 
downward,  the  angle  of  inclination  lessens,  and  the  arch  then  ends  or 


076 
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il 


ri<)S(‘s  cHit.  ’ 
upWiU'd,  aJid 
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It  syncliiir,  thr  trough  ^‘Viaitaially  hcunl*' 
IhmIs,  witli  yraduully  le.s.seiiinn 


swiiiy:  round  it. 
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Inversion.  Invert oci  folds  occur  abundantly  in  r«‘yion- 
of  ^U'cat  plicati<uu  llic  gradual  incrraH<‘  r»f  dcdorinat ion  in 
a  rc|.^ion  was  aclinirably  illustrated  fr<un  tin*  Appalachian 
coaldield  bv  H.  H.  and  \\b  11.  boyars,  wlio  ya\c  an  in 


liiVf'i  U'd  F«i|«i  (i  .’iJj'l  1  Mjiirfnrr. 


Htruciive  dcunonstraticui  of  a  series  of  plica!  ions,  bcyiniiiny 
with  Hymme.irical  folds,  .Huc*cccd(‘«i  by  others  witli  steep 
fronts  towuirds  th<^  went,  until  at  last  thi‘he  .steeper  fronts 
pass  under  the  opposite*  sides  of  the  arc*lies,  yiviny  lisi*  tn 
a  of  inv(*rt(al  folds  (Fiy.  IfaO).  The  Silurian  iiphtnds 

of  th(5  south  of  Seotland  have  the  arches  ainl  trouyliH  filled 
in  one  direction  for  miles  together,  we  that  in  one  lialf  of 
each  of  them  the.  strata  lie  laiitoni  tipw’iirdn  (Fig.  !ib||d  It 
is  in  large  nKnintain-cliaiiiH,  however,  that  inversion  can  be 


■■■J 


-Ht  1  ijrtiii'r  *tt  III*'  liLiilieiii  rdO  s  11. sJ? 


Heett  on  the  grandest  seale.  The  Alps  furnisli  liiiiiici 
striking  illustrations.  On  the  north  side  of  that  cliain,  ilii* 
Secondary  and  dVrtiary  rocks  have  been  w>  «fiiiiple|i*ly 
turned  over  f(»r  many  iiiilcH  that  fin*  lowest  beds  fiott  foiiii 
the  tops  of  the  IiillH,  while  the  higliiist  li«*  deep  beltov  iliefii 
Individual  motiiitairi.H  (Figs.  IffuT  |iri*wuil 


*  twinwfiiili  ctil  milfj  ;4.i!l  tic* 

ant if'liic'H  :»icl  nyecliiic  ^  of  tlir  **  Mcffaf  MIi.iIcm  ”  |f/,  */,  f*.  S,  %%%n, 
ft.  ‘iU)|,  jui«i  liuM  <c!l  fill'  #»f  :%  fia*  iii  Us>' 

Hirlilriici -  41^.  ■dimlm*'  f4  tic* 

ITtacin  nf  Hrsfinici  ha^  iii*  i-  }n'**«  c'Usiti  •! e»rly  oiM-il  at  lie  f 
Survey*  .M«*nciir  ofi  ! li«d  rc'^/icii  l*y  Mv-Ht-u  Fi'iirli  .uci  Hmiji*  1 1  fjiaiii  iiiarc«‘la‘ 

dlagrains  will  in*  lUitu*!. 
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stupendous  examples  of  inversion,  'which  can  he  followed  with  the  eye  ■ 


Fig.  256.~Stnieturf'of  the  Gliiniiseh  ^louiitaiu,  after  Rotlipletz. 

'1,  Trias  ;  2,  Jurassic  ;  3,  Cretaceous  ;  4,  Eocene  and  Oligoceiie.  o,  «,  Thrust -plane.s  (p.  091). 

from  a  distance  along  their  slopes,  as  on  the  declivities  on  either  side 
of  the  upper  end  of  the  Lake  of  Lucerne,  where  great  groups  of  strata 


6,  Loccnc ;  c,  CiNtaecous  ;  ■w.J.  White  J ura  tlirust  upward  on  the  left  hand  over  the  plicated  Eocene ; 
h.j.  lirown  Jura  ;  t,  Trias  ;  s,  Schistose  rocks,  iierliaps  metamorphosed  Paheozoic  formations. 


Lave  Leeii  folded  over  and  over  eacL  other,  as  we  might  fold  carpets.^ 

^  The  ^TTlanicr  double”  fold  has  heeii  the  .subject  of  cousiderahle  discussion.  The  struc- 
tiirc,  according  to  Ileirn,  is  slioivii  in  Fig.  257  (‘Mechainsmiis  der  GrehirgsMlduiig’).  In  his 
Yic.w,  the  whole  of  the  rocks,  schists  included,  remained  undisturhed  until  the  post-Eoceiie 
folding.  ‘Vacek,  however,  contended,  with  evident  prolnihility,  that  tlie  older  schists  are 
nncoiiforniablg  overlain  hy  later  formations  (Jithrh.  (JeoL  Meichsansf.  1879,  p.  726  ;  1884, 
pp.  6*20;  VerkinilL  (M.  J^eichs.  1880,  p.  189  ;  1881,  p.  43).  A.  Heim,  Verhc^'^m. 
iieol.  Iteichs.  1880,  p,  155  ;  1881,  p.  204.  See  also  Sci.  Phifs.  Geneva, 

November  1882,  p.  24;  Lory,  /Jiill.  Soc.  OeoL  Prance,  3me  .si'r.  xi.  1882,  ]>,  14.  A  new 
and  instructive  light  has  been  thrown  on  tlie  structure  of  thi.s  region  and  of  the  Alps 
generally  by  A.  Rothpletz,  who  lias  traced  nnmeroiLs  “  thru.st-pkines  ”  through  the  niomitaius, 
and  has,  in  my  opinion,  pfroved  that  the  so-called  doiihle-fold  of  the  Grlanis  district  does  not 
exist,  hut  that  the  strndnire  is  intelligibly  explained  by  a  great  overthru.st  fault  which 
lie  has  mapped.  His  view  of  the  tectonic  arrangement  of  the  ground  is  shown  in  Fig.  282. 
{Z,  J).  O,  (x.  1883,  p.  134  ;  1895,  p.  1  ;  1896,  p.  854  ;  ‘ Eiii  Geologischer  Querscluiitt  diirch 
die  Ost-Alpen,  nebst  Anhang  tiber  die  .sog.  Glaruer  Dop]>elfalte,'  Stuttgart,  1894;  ‘Geotek- 
tonische  Probleme,’  Stuttgart,  1894  ;  ‘Das  Geotehtonische  Prohlein  der  Glarner  Alpen,’ 
Jena,  1898,  with  atlas;  ‘Geologische  Alpenforschimgen,’  Fo.  1,  Munich,  1900.)  In  the 
second  edition  of  the  present  Text-book  (1885)  it  wa-s  pointed  out  that  in  Fig.  257  no  mere 
plication  could*  bring  the  White  Jura  where  it  lies  comparatively  undisturhed  on  the  edge 
of  the  e.xcessively  plicated  Eocene  beds,  Tbiit  that  it  has  evidently  been  pushed  over  the 
latter,  the  line  of  junction  between  them  being  a  “thrust-plane.”  Flint  this  is  the  true 
•structure  of  the  ground  lia.s  since  been  shown  by  Eotlipletz.  See  in  particular  Plate  v.  Fig.  4 
of  his  ‘  Glarner  Alpen,’ which  goes  through  the  same  piece  of  country  ;  and  jxistea,  j).  693. 
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Wh(3r(3  a.  s(3ri(;s  of  strata  has  hecai  so  fohhal  ari<}  iii\'ortc«l  tliat  its 
reduplicated  riHanlaa’s  aj)|H‘ar  to  (Ii[»  rei^uL'U’Iy  in  one*  dinalion,  atid  at  tlio 

same  Or  ri(^a, rly  tin*,  saitie  anydes,  t  he  st  r'ucl  un*  is  t(*rnH‘d  isoelinal.  This 
structun^,  illust.nitaMi  on  a  small  scale  aiinmy  the.  eufvf‘<i  Silurian  rtH*ks 
shown  in  Fiyc  occ.nrs  jui  a  ynund  scale  aniony  tln^  Alps,  where  tlie 

folds  hav(^  som(‘tim(‘s  hecui  so  S(|ueezcd  toi£ether  tliaf,  when  the  tops  of 
the  a,i‘ch(3S  have  la^c'.n  worn  away,  tlie  strata  coidd  scarcely  he  stippn>ed  to 
have  h(‘(;n  really  inv(U’t(‘d,  save*  fo!'  the  evidence  as  to  tlnu'r  true  oi'der  of 
sncc(;ssion  supplied  hy  thenr  included  fossils.  Ilie  extent  of  this  ca»ni 
pression  in  the.  Alps  has  In^en  already  (p.  122}  referred  to.  So  intense 
has  1)0011  the  plication,  and  so  gnxat  tlie  KuhHia|uent  denudation,  that 
portions  of  (AuToniferous  strata  appear  as  if  regularly  interheddial  among 
fJurassic  rocks,  and  indeed  could  not  Im  separa,ti*d  save  aft c*r  a  study  of 
th<iir  enclosed  organic  remains. 


Fig.  'J.VK.  .hIhpI sie-,  Ctnlrai 

j',  'luraMHi’c  ;  ./i  lirowii  .fet.'i  ats*!  f.ifP’s*.  Clous;  .  srlsiM!«fn  j.#ri„'4. 

A  further  modification  of  the  fohled  structure  m  prcsmifed  lii*  the 
fan-shaped  arrangement  {,sfnfeJitir  m  irnfiail,  Furifif  FaUmi  into  wliieh 
highly  plicated  rocks  liave  Iumui  thrown.  The.  most  fmiiiliar  example  F 
that  of  Mont  lilanc,  when*  the  seilimen.tary  '4 rata  at  liigli  angles  seem 
to  dip  under  the  erystallim!  schiHtH  {Fig.  2aH)d 

The  larger  simple  flexures  of  the  terrestria!  rriiHt,  iinolving  ;i  wide 
region  in  each  fold  where  tlu!  movement  has  heeii  one  of  snhMideia'e  oi 
uplift  without  any  markcMl  didormiitims,  such  as  nipid  plieiition  ami 
inversion,  may  he  teamed  Gmintkiinrn  and  to  ii.hi*  tin*  iiaiiifs 

proposed  hy  Dana.  Wh(wc3  the  flcxurcH  arc.  not  simpii%  hiii  on  the 
contrary  involve  many  plications,  and  have  thus  hf'iui  af'cmiipaiiieil  witli 
considerahh*  disturhama*.  and  often  with  inteiH<»  deforniatioii,  tiiey  'tteie 
termed  hy  th(‘,  same  gtiologist  /! nikiinffrlit  and  .Nyiic/inwni.  1‘tiii^  flie 

'  JicHitlio  the  w«»rkH  on  nioiiiitaiieHtrisotMn*  «'itol  in  lla*  |fun'  ,  I'.  U.  .*1  -.141. 

“ Zur  Mf'cliiuiik  <h*r  Srliifhtindultuiigi'nA’ AVwr,t  nr  lior  *  n»  .  #4 

HcntionH  illuHf  niting  viirirnct  loiitiirrH  of  t  lit'  Alfo  in  tin*  tt*'  ‘Mat*  u -ui 

ponr  la  (liirt.n  d<*  la  Huiumi’/ Livnil'Oii  ml  on  fli?’  Ci, 

ProfVHSffr  U»‘iUiV!cr  ;  Li^’niiHon  xxi.  hy  K,  Fav it  and  Hfliaolt, eii  fW #!/<.«■  aV  ft#  ^4, ,  u3<«l 
(1891),  hy  A.dleirnnn  th(‘  I/iff/i  Ai/m  hiinrH  K*  i^x'i  tt  ml  ithm*,  Olle-i  m,  fiim  }?«♦•;/ 
publinhcd  hy  M.  Bertrand  in  //c//.  OWg.  Xe.  Itl  ih^iUi;  /I.  F.  H.  /•'.  ana 

(1894),  pp.  09-lh*.il  ;  MM.  Bnrtraml  and  (hdlinz,  \\v,  fisid/i,  p.  Un^  ;  K  Biffir, 

BtflL  (If/tir  (FuL  Frumr,  Xf».  hO  (IH97  9H)  ;  L,  Uiifarr  and  '*  Ih  f’la-irt*'  y***!. 

pntrog.  Masnif  du  Mont  lihinc/’  Mnu,  Sm',  Phtiu,  //i./.  A>e  Vh,  I,  5^9^. 

Tlic  mihjiicf.  fif  dh.lonatien  in  jia>Ufilaiii-^4riictt.i!iT  rch'rrrd  to,  inthirtf,  |i. 
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wide  region  in  which  by  long- continued  subsidence  and  deposition  the 
geological  formations  of  Central  Europe  were  laid  down  may  he  termed 


Pifjj.  25<>.— Locally  ci'uuiplcd  Strata  near  a  Fault,  Dalquliarraii,  Ayrshire, 
f?,  Shales ;  c,  limestone  ;  1!>,  boulder-clay. 


a’ geosyncline.  Subsequent  terrestrial  disturl)ance  upraised  tlie  com¬ 
plicated  chain  of  the  Alps,  which  forms  a  gigantic  Anticlinorium,  wMle 


the  wide  central  valley  between  that  chain  and  the  parallel  anticlinorium 
of  the  Jnra  mountains  is  a  Synclinorixim.  ^ 

Cnnnpling'. — In  the  general  plication  of  a  district  there  axe  usually 

}  Dana’s  ‘'Manual  of  Geology’  ;  Van  Hise,  Jvuni.  C/eoL  iv.  p.  S19. 
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localities  where  tle^.  j)rt‘.HHure  has  been  locally  intensified  that  the  strata 
have  been  eorruyeit(‘d  and  crumpled,  till  it  becom(‘s  alnmst  impossible  to 
follow  out  any  particular  IhmI  throU|j;h  the  disturbed  ya*ound.  On  a  .^inall 
scale,  instanccH  of  such  extrmm^.  laintortion  may  now  and  tlien  In*  t(tun<l 


Mk-  -''1*  of  Alpim*  LiiiH'htiiu**,  Ihh-  purkrun^?  *  S  e,  ,•!.  a 

latfml  coiajuiwiMis  (itiU  hI/**) 

at  faults  and  landslips,  where  fissile  shalc'S  have  been  <'orriiyated  by  sub 
siding  heavy  masses  of  more  solid  rock  (Fig.  ‘ioll).  Biif  it  is,  of  eoiii>e, 
among  the  more  plicated  parts  of  mountain "(diains  tliiit  llie  htriiiinre 
receives  its  best  illustrations.  Few  travellers  %vho  have  piiiised  the  upper 
end  of  the  Lake  of  Lucerne  can  have  failed  to  tin*  remarkable 

cliffs  of  contorted  rocks  near  Fluelen.  But  iimumerable  i*?ciimpb»H  of 
equal  or  even  superior  grandeur  may  be  observi*d  among  the  more  pr«‘ei 


Fig.  (Jruiiipl<»(I  TriUKMlr  Ufwk,  T*rt|i  (|r4i  ^Orf, 


pitouB  valloyK  of  the  Swish  Alps.  Striking  ilinstniti<»ii«  of  ihc 
structure  may  lie  found  in  many  otlusr  great  momitaiirchaiitH  (Fij4.  -'*«')• 
No  more  imiircssivc  testimony  could  be  given  to  the  jKitcriey  of  th<-  force  by 
which  mountains  were  upheaved.  And  yet,  striking  as  are  tlichc  colcwwd 
examples,  involving  as  tluiy  do  whole  mountain  mussi's  in  their  folils, 
their  eilect  upon  the  mind  is  even  heightened  when  we  discover  that  «iii  h 
has  been  the  strain  to  which  solid  limestoiK^s  and  other  rocks  have  lM*en 
subjected  that  even  their  finer  layers  have  Ijcen  intensely  puckered.  Sonic 
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of  these  mirior  crurnplings  are  readily  visible  to  the  eye  in  hand-specimens 
(Figs.  35,  261,  262).  But  in  many  foliated,  crumpled  rocks  the  puckering 
is  so  minute  as  to  be  best  seen  with  the  microscope  (Fig.  36).  Frequently 
the  puckerings  have  been  ruptured  and  a  fine  cleavage  or  jointing  has 
been  produced  (ikusweichungsclivage,  strain-slip  cleavage). 

It  may  often  be  observed  that  in  strata  which  have  been  intensely 
crumpled,  the  same  bed  is  reduced  to  the  smallest  thickness  in  the  arms 
of  the  folds,  but  swells  out  at  the  bends  as  if  squeezed  laterally  into 
these  loops.  This  change  of  form  is  more  especially  observable  in  softer 
strata  intercalated  among  others  of  greater  powers  of  resistance.  It  is 
remarkably  developed  in  some  coal-fields,  where  the  rocks  have  undergone 
considerable  lateral  compression,  the  coal-seams  as  the  least  resisting 
members  of  the  series  being  then  subjected  to  extreme  variations  in 
thickness,  sometimes  increasing  to  far  more  than  their  normal  dimensions 
in  the  loops  of  the  folds  (ii  cf.,  in  Tig.  263),  and  almost  disappearing  in 
the  limbs.^ 


a 


Fi*:;.  '263. — Unequal  compression  of  Coal  in 
criunpliiig,  Peinbroke.sliire  (/!)• 


Fig.  2G4. — Peebles  of  quartz  in  an  Old  Rod  Sand- 
.stone  conglomerate,  sliced  throtigli  by  cnisliing 
movements,  Cusheiidmi,  Antrim  iiat.  size). 


Deformation  and  Crushing'.— During  the  intense  shearing  movements 
which  take  place  iit  great  depths  within  the  terrestrial  crust,  rocks  he 
above  their  elastic  limit,  but  under  too  great  a  pressure  to  be  cri^hed 
into  pieces.  They  conseq^uently  acquire  a  certain  amount  of  plasticity, 
and  their  individual  particles  have  been  compressed,  elongated,  and  made 
to  move  past  each  other,  as  is  instructively  shown  by  the  deformation  of 
pebbles  and  of  fossils  (p.  419).  Where  the  elastic  limit  of  the  rocks  has 
been  passed  under  an  insufficient  overlying  load,  rupture  has  taken  place, 
as  in  the  familiar  examples  furnished  by  the  pebbles  of  conglomerates, 
which  even  when  composed  of  the  most  solid  quartzite  may  be  seen  to 
have  been  sliced  through  by  a  succession  of  fractures.  Striking  examples 
of  this  structure  are  furnished  by  the  crushed  Old  Eed  Sandstone  of 
the  north-east  of  Ireland  (Kg-  264).  ^  -  -u. 

Where  the  distortion  has  taken  place  slowly  xmder  a  sufficient 
of  overlying  material,  a  process  of  shearing  has  been  induced  whereby  the 
original  structure  of  the  rocks  may  he  entirely  replaced  by  the  shear- 

1  Good  examples  orti  supplied  by  tlic  imich-disturlied  Prauco-Bdgiaii  coal-field  ;  see, 
for  instance,  a  paper  l.y  M.  Lolie.st,  “  Sar  le  Mouvemeut  .Vtiiie  Couche  de  Homlle  eutre  sou 
Toit  et  son  Mur,”  Auh.Soo.  Geol  Bdg.  xvii.  (1890),  p.  123.  Por  illnstratious  of  this  structure, 
as  sliown  in  mountain- cliains,  .see  Heim’s  '  Mecliani.sums  der  GebirgsUlduug,  where  a 
terminology  for  the  different  parts  of  folds  is  giweii. 
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/  7’AV  '77 ; .V  /r  S  TUVi  '77  7/ J  I.  FJ  fljx;)' 

structure  nhvAuly  iioiictMl  (p.  -IIS).  Ma.^>iv<‘  coarsclv  cryslallinu  pc**]:- 
matites  may  be  traiaMl  thrau.ii:}!  siua-essivc  .>tayes  wluuau'n  the  <'<uiipoii(‘Ut 
orthoclasci  and  fidspar  art*  inert*  and  mere  eru.sht‘tl  and  drawn  out,  until 
in  the  tunl  t'ht*-  rotdv  la^e-oine.s  a,  (‘oinpae.t*  finely  fi^sih*  sehist,  with  a  peeuliar 
threadv  sl'n^aky  struct un*,  whitdi  can  hartlly  he  tlistinyuished  fi’om  tin* 
flow-struetun*  of  a.  rhyolitt^  (Fi^’.  ‘Jtio).  I’his  ehanyn*  is  more  particularly 
dovelop(‘d  a,long  gn*at  thrust  planes,  hut  may  he.  o!>sf*rved  throughout  a 
ma-ss  of  nudv  tluit  has  un<h*rgont‘  inlenst*  shearini^. 

In  many  ('aH(‘s,  whert*,  the  rocks  may  he*  supposed  t<t  liave  lain  het  wetm 
the  zom^s  of  crushing  and  plasticity,  lenticular  “  (*yes  "  of  the  original 
rock  hav(‘.  !>ecn  left  littk^  or  not  at  all  allec'ted,  wliile  the  portions  la^tweeji 
them  have  lieon  crushed  and  rolled  out,  and  !ia\’<‘  re  crysfallined  more  or 


Fig".  ■JiSr*.  Shi'fir^ht.ructnn*.  Fil?.  «'m..  fiiiiJaw  r|!i-4i*‘4  i!i!4i  !*  uf if!**'-;  Aliith 

Tr)tTi(loii  SandMtoiH*,  Lfx'h  K«*fshf'ri»,  Maj,'.  IJO  rj’Udii  jaiiiyjiil  Cturlufr, 

(limn,  (dmwn  by  Mr.  F.  VV.  Itmib'i;.  Hm*  |}i»<  iii«rr  fij4lui.'i!  Iwf  »»*•>!*  !li»  ui  Iiiim 

ft'lHjmrH  and  oth»*r  grairw  hav<*  bi‘i»n  i'r»ts||M|  pumiml  iitfij  it  ;  0!i|»i4li*!».  >«»!• 

an«l  flattened,  and  Ui<*.  matrix  mail**  to  moo*  %my,  Tl»f»  |*o*!|o«  of  loi'k  ho*’  nOd  c* 

pani  tlimn  an  m  flow-Htrurtun*.  ceom|«n*  10  lilgli  l*y 

Fig.  HO.) 

less  completely  as  tnut  schists  (Figs.  266,  11(11%  The  Iiirgi*  fidspars  of 
augengneiss  alTord,  on  a  Hiuall  Rcali^  exaiiiplcH  of  lliis  Hlruetiiii*.  Fr<»iii 
these  livery  gradation  of  size  may  he  traced  up  to  huge  hloeks  of  thii 
original  rock,  which  have,  pribserved  their  Hfriicfiirt?  tlioiigli  caunpletely 
eu(doH(‘d  in  comtninut<*d  jind  oftim  schintoHe  iiiateriaL  Serf  ions  sliowiiig 
the  clos(i  connection  h(*.tw<»cn  inechanieal  eriiHliiiig  and  the  profliiction  of  a 
schistose,  stnictun^  may  he  seen  ahundanfly  among  the  Seoitii^li  I  liglilaiidsd 
In  tlie  Silurian  district  c»f  (luldalen,  Xonvay,  iliahaMijs  and  other  igiiidUis  ^ 

rocks  also  exhibit  (U'ery  stage,  in  the  eru.Hhiiig  down  of  eriiptivi*  iiiatmial 
and  its  t^onviu’sion  into  schists  (Fig.  266).  Hiniilar  striictiireK  am  widl 
displayed  among  tin*  schists  and  their  accoiii|»ii!iiif*nt«  in  w\ngleHey. 

Not  ordy  are  the  individual  particles  of  rocks  drawn  nut  hy  f4!ie.aririg, 
hut  in  ihe^  (uunplicaUtd  process  of  mountain  hulldiiig,  larger  f«*atiireH  of 
geological  stnicturcj  like.wise  undmgo  defonnatimi.  The  anticdimil  and 

^  7.  ./.  O'.  S.  xliw  USSSj,  p,  .*r,c2  ;  ftfjsi  Ihmk  VI.  Purl  I.  |  il. 
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synclinal  folds.developed  in  the  earlier  stages  of  the  process  are  sometimes 
bent  over  and  crushed  together,  so  as  to  be  nearly  or  completely  effaced. 
Kocks  which  normally  lie  one  upon  the  other  with  the  most  violent 
unconformabilitymay  be  found  crushed  together, 

with  their  original  structures  more  or  less  com-  rifirfCJ 

pletely  effaced  and  a  new  parallel  structure 

developed  in  them,  insomuch  that  they  might 

easily  be  mistaken  for  contemporaneous  and 

perfectly  conformable  formations.  Thus  in  the  ^/ir  jn^wW 

north-west  of  Scotland  the  nearly  horizontal 

Torridon  Sandstone  lies  on  the  upturned  edges  y/// iff 

of  the  much  more  ancient  Lewisian  G-n eiss,  as 

shown  in  Figs.  344  and  36  9.  Tut  w^here  the  ^  /  U/jMmm IF  lih 

strongly  un conformable  junction  has  come  into 
one  of  the  great  crush-lines  it  has  been  effaced 

1  1  1  1  of  Torridon  Sandstone  and 

and  a  new  parallel  shear- structure  has  been  Lewisian  Gneiss  crushed  into 
developed  in  both  rocks  (Fig.  267).  apparent  con fonnabmty.  Bead 

Where  rocks  Ife  under  too  light  a  load  to  °fstrathOyM,s«theri.n,i. 

become  plastic,  and.  have,  therefore,  given  way  tnre  destroyed  and  a  new  folia- 
to  great  crushing  hy  breaking  to  pieces,  their  tion  produced  parallel  with  that 
broken  fragments  maybe  pushed  along  shear-  ™P^™d,ic«Un th^ eongiomer- 


developed  in  both  rocks  (Fig.  267).  app.-irentconfonnaWlity.  Head 

Where  rocks  lie  under  too  light  a  load  to  °fstrathOyM,s«theri.an,i. 

,  become  plastic,  and.  have,  therefore,  given  way  tnre  destroyed  and  a  new  folia- 
to  great  crushing  by  breaking  to  pieces,  their  tion  produced  parallel  with  that 

broken  fragments  maybe  pushed  along  shear-  «nperinduced  in  the  eoiigiomcr- 

planes  or  belts  of  movement,  and  may  thus 

be  pressed  against  each  other  and  rolled  forward,  until  their  edges  are 
rounded  off  and  they  acquire  much  resemblance  in  general  form  to 
the  pebbles  of  a  conglomerate.  Bands  of  such  comminuted  materials  are 
of  not  infrequent  occurrence  among  Palseozoic  and  older  formations 
which  have  suffered  much  disturbance.  They  are  known  as  Crush- 
cou(flonierate$  or,  where  the  fragments  are  angular,  as  CriLskl^receias  {hiGtioii- 
breccias).  They  have  been  mistaken  for  aqueous  conglomerates,  and  this 
mistake  was  hardly  avoidable  until  the  extent  to  which  the  earth’s  crust 
has  been  deformed  had  been  realised.  They  may  be  distinguished  from 
true  conglomerates  by  the  local  derivation  of  their  materials,  which  have 
come  from  the  immediately  adjacent  rocks,  by  the  general  absence  of  the 
smooth-rolled  water-worn  surfaces  that  characterise  the  stones  of  aqueous 
conglomerates,  and  in  many  cases  by  an  obvious  transition  from  the 
broken-up  fragments  to  the  more  solid  remaining  rock  from  which  they 
were  derived.^  . 

As  already  stated,  various  experiments  have  been  devised  to  illustrate 
the  facts  of  mountain-structure.  By  a  combination  of  parallel  layers  of 
different  substances  exposed  to  lateral  compression  and  tension  it  is 


^  a.  w.  Lanipliigli,  q.  J.  Q.  S.  li.  (1895),  p.  563  ;  Ivi.  (1900),  p.  11  ;  A.  O.,  Geol.  .Tay. 
1895.  p.  481  ;  J.  B.  Hill,  Q.  J.  G.  S.  Mi.  (1901),  p.  313  ;  C.  R.  Van  Else,  Jourii.  GeaL  iv. 
(1806),  p.  624.  The  term  “  an  to  clastic  ”  lias  been  loroposetl  for.tliese  rocks.  H.  L.  Smyth, 
A/ner.  Joimi.  Scf.  3rd  «er.  xlii.  p.  331.  Some  good  illustrations  of  the  pseudo-conglomerates 
in  the  Archfeaii  rocks  of  Ontario  are  giYeti  in  a  paper  by  A.  E.  Barlow,  Ottcara  JFniumUsi 
xii.  (1899),  p.  205.  The  subject  of  autoclastic  rocks  and  tbeir  discriinination  from  ordinary 
hreecias  and  conglomerates  is  discussed  by  C.  R.  Vau  Hise  in  ICtJi  A^ner.  Rep,  IT.  S.  (r.  >S'. 
(1896),  p.  679. 
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^  I'LKAVAaii  685 

foMiii.:  Kf-rviw  to  indicate  a  coiunmnity  of  origin  for  cleavage  and  folding, 
.1  iMucniiiitaiit  though  not  pcrhaiw  always  simultaneous  effects  of  the 
l.iirral  cf.miireHsion  of  rocks.'  Aiuotig  curved  strata,  the  planes  of  cleavage 
'oiii. 'times  coincide,  with,  and  are  sometimes  at  right  angles  to,  the  planes 


>>1  heilding,  aee<»rding  to  the  angles  of  the  folding  (Fig.  269).  The 
peisintence  of  (deavage- thanes  attross  (ivon  the  most  diverse  kind.s  of  rock. 


Instil  >i»{|inif!ttary  and  if^nenu.y  wan 
tirnt  hy  ScMlgwicik.  rluke.H 

|HiintPci  ouft  ilia!  oV(jr  tin*  whoks 
<4  nf  lr<!lan<l  thc^  t^nnid  of 

(lc‘|)ai*tH  10  from 
tin*  normal  diroctJori  H.  25’'  N.,  no 
iiiiitiiir  what  may  bo  th<‘,  differeneoH 
iii  fdistriplor  ami  a^o  of  the  rockH 
wldidi  it  iToHHo.H.  But  t!H>U|;li  cloaV“ 
4p»  1^'-  HO  iiurniHlmiB  it  in  not  wfually 
\vt4l  flin‘i»lo|H*d  in  oVory  kiml  of  rock. 
alr«»mdy  cxplainott  (p.  4  IH),  it  in 
perfer!  in  fim*  grained  argilL'i 
I’ciiiit'i  rorkH,  wliich  have  laHm  altered 
by  it  intf»  hlatcH.  It  i.s  often  well  do 
in  fi^HitcMiirid  other  igmMniH 
roi*kf%  wliirli  then  furniHli  good  flagn 
Of  It  may  In?  ohntn'vcd 


l-'ig.  and  cleaved  (Jojij^loiueiuios  and 

(JritH  (?  Lower  Hiliiriaii),  sliowiii).?  iho  indopeiid- 
ein’eof  heddin^  and  cUdiva^ije  and  tlio  ndirrange- 


at  liiirit  t«i  rhiiimo  itn  character  uh  it  direeiion  or  deava^as 

.  ^  *  1  1  •  j  isdleH  c^uhI.  of  VVeHtporl,  (bounty  Mayo. 

jmmpn  Iroiii  liiiC'granH*d  I’fsckH  into 

iitiicrH  of  more  granular  tcxlnrc^  (hh’gn.  83,  84).  OccaBional  traces  of 
diHtiirlioii  or  deviation  of  the  cloavage-plancH  may  ho  observed  at  the 
cottii'ict  of  tw<i  dimimilar  kinds  (»f  rock  (Fig.  271).  In  the  case  of  coarse¬ 
grained  rockrt,  the  large  partieJew  may  )>e  ohserved  to  have  hecn  shifted 
hfi  iiH  to  lif5  with  their  long  axes  parallel  with  the  planes  of  cleavage,  even 
when  tliimi!  pliiniw  may  1h*,  at  right  angles  to  those  of  stratification.  In 
cofigifiiiieratcs,  for  example,  it  is  common  to  find  tlnat  the  pel)bles  have 
been  turned  round  ho  as  ail  to  lie  in  now  planes  coincident  with  those  of 
flu?  cleavage  of  tile,  adjacent  finer  graimul  strata.  I ternarkahle  examples  of 
thin  alteration  may  la?  smm  m*ar  Whistport,  County  Mayo,  whore  some  con- 
LdoniiU'atcH  and  grits  have*  learn  violently  [ilicatcul  and  cleaved  (Fig.  270). 
A  region  may  have  heem  suhjc.c.ted  at  siuauwsivc  intervals  to  the 


^  Harkrr,  ///'//.  Am/c.  AV//.  1885,  p.  iSfcJ. 
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compression  t'lr'it  li:»s  pr(Miu(*(Ml  (•lca\'a;j;e.  11ie  Silurian  roi-ks  of  tin* 
80iith“\V(‘si  of  IrrL’uni  umuh*  uj>(ui‘nnl,  and  {HM)}>al»ly  rlra\rd,  lH‘for<‘  tin* 
deposition  of  the  Old  Idni  Handstou(‘,  uliirli  has  in  turn  hnuj  uell 

a 


Fir.  ^-Tl.  Clc.ai'n  \Vn‘rlih»'*»iul*ti*,  Wr-  :'!  >  * '  o.  i 

Sliowinr  0*<*  •»  Mlirtnli  aa  Inlijfiiu'’  til  th*  -*  *,|  »ji>  r'  a  ^  ■ 

<d(tav(‘.d.*  Kviiknirc*  of  the  relative  <late  of  eleava'ie  may  hi*  ohfaiiii-d 
from  iiri(*f)nformahl(‘.  juric'ti'onH  and  fnnti  eonxknnerafe.H.  An  iiii**loa\f'd 
of  strata,  upon  tin*  deniideil  ed^^es  of  an  oidrr  rlrait'*!  HrrioH, 

proves  th<i  (late,  of  el(*ava;^<‘  to  he  inf (uaiiediat «*  hetweiui  flir  period-^  of  the 
two  groups.  Fra^meaits  of  eh‘av(‘d  roeks  in  an  eoiigloiiierale 

show  that  tlui  rocks  wlnnua^  tijey  were  dtunved  had  alroafly  Miflered 
cleavage,  fjefore  the  (h^trilus  forming  fin*  eon^Ioiiierafe  rofnfne,| 

from  them.  An  intrusive  igmams  rock,  traversed  wiih  eleai agi*  pLiiies 
like  its  surrounding  masH,  points .  to  eleavage  suhMj‘i|iieii!  to  its  infrii'dini 
(1%  272);*^ 


Fig.  •iT’i.—VViii  <it’  Porphyry  («) Hkt»»*4  Ua,  f''<‘s5j- 

travfwa  liy  cimuig**  I II.  I 

Between  eleavage  and  hdiatiori  tlim*/*  i«  in  niiyiy  c^iiHes  a  rloHJ^  relation. 
Microscopic^  examination  of  some  elcmvcal  roeks  nliowh  lliai  in  orsgiiiiil 
elastic  sediment  a  miemceous  mineral  has  heeii  alniiidaiitly  (iitvrlopioh 
the  plates  of  which  are  ratiged  along  the  |ilarie.H  of  eleiivage.  Udi^ 
mi(ja  can  la*,  distinguislnal  frort^  (wiginal  iiuea  flake?i  in  the  sipliiiienl. 
It  may  la*,  ohservcal,  in  matiy  casen,  to  impart  a  hiHlroiH  -*»ihery  or  silky 
sluam  to  tins  chaivagts-fac'es  of  a  slate,  y(*t  may  he  at  right  .ingles  !«»  I  lie 
originaJ  lamiiiat.ion  of  depo-dl,  Sueli  a  cry«talisin*  re  arrmiigeiiieiit  k 
irahaal  an  incipitmt  foliation.  It  is  the  satiie  stnicfiir**,  fiirflier  ileie!fi|ir(| 
and  int.<*nsific(l,  wdiie.h  gives  tindr  distinctive  elianieler  to  llie 

crystallim?  nadjunorpiiosis  naturally  proceeds  along  flic  lilies  of  iemit 
resistanci*.,  which  in  cleaveal  nadis  are  flic  eli'iivage  plaritfs,  and  in 
unch^avihl  He.dinn‘ntary  nadcH  arc  the  planes  of  deptisitiuti,  Foliatioin 
aJready  n‘niark{*d  (p.  f2H),  may  HometimcH  repreMciii  Mlnitifieiif  ion,  ’snttie- 

‘  Ih*  hi  Hi'flic,  *C#oiL  Ohmjrvu’i','  p.  (120.  ’*  /I*!#/,  |i.  021. 
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times  cleavage,  and  sometimes  divisional  planes  superinduced  by  shearing 
or  faulting.^ 

Before  passing  from  this  subject  it  may  be  well  to  note  how  deceptive 
is  the  resemblance  of  cleavage-planes  to  bedding,  especially  on  weathered 
exposures  of  rock,  where  perhaps  the  original  bedding  has  been  obscured 
or  obliterated.  At  first  sight,  for  instance,  a  portion  of  a  group  of  slates 
{a  in  Fig.  273)  seen  by  itself  might  be  supposed  to  consist  of  highly 
inclined  vertical  strata.  But  further  examination  of  this  section  would 


Fig.  1273.—- Deceptive  appearance  of  Uneonforiuabilit/y  where  a  j^ruup  of  uneleaved  grits  {b)  rests 
on  a  group  of  highly  cleavtaj  slates  (a),  West  Coast  of  Islay. 

disclose  lines  of  sediment  or  of  colour,  marking  the  stratification  which 
here  undulates  in  an  anticlinal  fold ;  while  an  overlying  group  of  grits  {h) 
that  had  resisted  cleavage,  and  seemed  to  be  lying  unconformably  on  the 
edges  of  the  slates,  would  be  seen  to  be  a  perfectly  conformable  deposit. 

Experienced  observers  have  been  misled  by  this  resemblance.  At  Llanberis,  for 
example,  the  lower  portion  of  a  section  consists  of  volcanic  tuff  and  the  npper  of 
conglomerate.  The  tuff  being  compact  and  tine-grained,  has  undergone  such  decided 
cleavage  that  at  first  the  flags  into  which  it  is  divided  by  the  cleavage-planes  might  be 
mistaken  (as  they  have  in  fact  been)  for  bedding,  and  the  conglomerate  would  then  be 
regarded  as  a  miicli  younger  deposit  lying  unconformably  on  the  tulF.  In  reality, 
however,  the  tuff  coincides  in  its  bedding  with  the  conglomerate  ;  they  are  parts  of  one 
continuous  series,  but  the  coarse-grained  conglomerate  has  been  only  slightly  affected 
by  the  pressure  which  induced  perfect  cleavage  in  the  tuff.- 

Part  VI.  Dislocation. 

The  movements  which  the  crust  of  the  earth  has  undergone  have  not 
only  folded  and  corrugated  the  rocks,  but  have  fractured  them  in  all 
directions.  The  dislocations  may  be  either  simple  Fissures,  that  is, 
rents  without  any  vertical  displacement  of  the  mass  on  cither  side,  or 
Faults,  that  is,  rents  where  one  side  has  been  moved  relatively  to  the 
other.*^  It  is  not  always  possible,  in  a  shattered  rock,  to  discriminate 

^  See  Sedgwick,  Trans.  GeoL  Soc.  (2),  iii.  p.  46T.  Darwin  on  foliation  and  cleavage?, 
‘Geological  Observations  in  South  America,’  1846,  p.  162.  A.  C.  Ramsay,  ‘‘Geology  of 
North  Wales,”  Mem.  Geol.  Surcei/,  vol.  iii.  2nd  edit.  p.  283.  E.  M.  Staf)!!',  Nenes  Jalirb. 
1882  (i.),  p.  82.  '  ' 

-  See  this  locality  figured  in  ‘Ancient  Volcanoes  of  Great  Britain,’  vol.  i.  }).  163, 

The  student  of  this  department  of  geology  will  find  in  the  joint  essay  by  M.  E.  de  Mar- 
jerie  and  Professor  Heim,  cited  on  p.  672,  a  valuable  handbook  of  the  terms  used  to  describe 
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between  joints  and  thos(‘.  lines  of  division  to  wliieh  the  term  lissures  is 
more  usiadly  rcstri<!led.  Many  .so*ealled  fissures  may  be  merel\*  enlari^ed 

joints.  It  is  ronimon  to  meet  uifh  traces 
of  friction  alon;^  tin*  walls  cO'  ti-^ure.s, 
e.ven  when  no  proid’  c^f  aetiia!  \ertieal 
<lisj>lae<‘nient  ran  Ih»  gleaned,  dlie  iiH*k 
is  the*!!  often  more  or  less  shaltere.d  on 
either  sid«*,  atnl  the  eottli^iioiis  faees 
|)r(*s(*!it  and  polisin'd  surfaces 

(slic'kensides,  p.  lUU).  Mineral  deposits 
may  also  (’cntimonly  be  ob.Hei'v»*d  en 
eruHtitig  the  elieeks  of  a  fissure^  or 
filling  np,  together  with  broken  frag 
merits  of  roekj  tin?  space  Iietween  tlie  two  walls.  llie  st rue! lire  of 
minoral  veins  in  fissures  is  descrihetl  in  Part  IX. 

Nature  of  Faults.-- . In  a  large  proportion  of  ease^,  ho\ie\ei\  there  lias 

boon  not  only  fracture*,  but  tliHpIac(*nn‘nt .  llie  reiim  lia\e  become  faiillK 
as  well  as  fissures.  Tin*  movi?nH*nt  may  have  afleeted  only  fU!e  nidi*  of  the 
flisun*,  or  both  sides.  Sometimes  it  has  consisted  in  a  iin*r«*  \  ml  leal  ?nibHid 
erico  of  one  side;  in  ()ther  <'as<*.s,  one  .side  lias  b(*efi  pm-hed  up,  »»r  ttliile 


Kij.'.  Sect  i(ni  nf  Nli»r{»l>  ilclUK'd  1%'Uilt 

\vit.hnut  (’(HitMjnnii  nfllic  n»(*k‘4. 


one  si(h*.  has  moved  upward  tlie  otln*r  ban  doiviiwiirfb  <ir  boili  ^^idr.^ 
have  b(ien  shifted  up  or  down  frcmi  tlndr  original  powtioii,  but  iim*  itmre 
than  tin?  other.  In  ordinary  faults  the  displacenieiif  k  iwiiilly  verlieiil  ur 
nearly  so.  Put  in  sonn?  regiims  faults  have  beeii  prodiicai  by  a  liileml 
thrust  of  one.  side  of  a  fissure  past  the  other  iidi*.  TIiih  mI  nietiiri*  rmue-ii  niif 
with  r(?markahk?  prominence  in  tliegm?is«  district  fif  Wr*ilcrii  Siillierkiii«k 
when?  dykcis  crossed  by  such  lateral  thrusts  are  disriipti^d  ami  ilnitt'ii  out 

the  variniiH  htnu'ten*'*  iiriHsnii’  freie  nirtiin’-'' «l  tlir  friiri^lirml  *  in**!.  Hiiiip  ^^4 iriiR-’. 

ill  regard  te  faults  an*  aKc  tdvfii  l»y  i.  K.  S|fijrr  in  it  |«t|»*ioiii  “'Tip*  M  *-».'*'«  riiniit  **t  I'lifilt'’,  * 

Jiii/t'ti.  V.  (IKfiJ),  p.  7«4. 
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along  the  line  of  fissure  so  as  to  l3e  reduced  to  a  part  of  their  ordinaiy 
breadth.  ^ 

Faults  on  a  small  scale  are  sometimes  sharply  defined  lines,  as  if  the 
rochs  had  been  sliced  through  and  fitted  together  again  after  being 
shifted.  In  such  cases,  however,  the  harder  portions  of  the  dislocated 
rochs  will  usually  be  found  slichensided.  More  frequentlv”  some  distru'h- 
ance  has  occurred  on  one  or  both  sides  of  the  fault  (Fig.  375).  Some¬ 
times,  in  a  series  of  strata,  the  beds  oh  the  side  which  has  been,  pushed  up 
(or  side  of  upthrow)  are  bent  down  against  the  fault,  while  i^hose  on 
the  opposite  side  (or  that  of  downthrow)  are  bent  up  (Fig.  276).  Most 


Fig.  ‘277.— Section  of  group  of  Faults,  coast  of  Glataorgansbire,  west  of  Laveniock  Point  (L’.). 

'lit  n  III,  three  adjacent  fanlt.s  by  wiiicli  the  inch  nation  of  the  strata  is  .shifted  and  some  of  the  beds  are 
cnuuyled  ;  <(,  dolomitic  limestone  an<l  marl;  h,  c,  il,  e,f,  doloniitie  limestone;  ij,  doloinitic  con¬ 
glomerate;  h,  bed.s  corresponding  with  those  on  the  left;  1,  Lias,  thrown  in  by  a  ‘‘  reversed  ’’  fault. 

commonly  the  rochs  on  both  sides  are  considerably  broken,  jumbled  and 
crumpled,  so  that  the  line  of  fracture  is  marked  hy  a  belt  or  wall-like  mass 
of  fragmentary  rock,  known  as  fault-rock.’’  Where  a  dislocation  has 
occurred  through  materials  of  very  unequal  hardness,  such  as  solid  lime¬ 
stone  hands  and  soft  shales,  or  where  its  course  has  been  undulating,  the 
relative  shifting  of  the  two  sides  has  occasionally  brought  opposite  pro¬ 
minences  together  so  as  to  leave  wider  interspaces  (Fig.  346).  The  actual 
breadth  of  a  fault  may  vary  from  a  mere  chink  into  which  the  point  of  a 
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Fig.  27S.— Section  of  inclined  tuid  vertical  Faults. 

knife  could  hardly  be  inserted,  up  to  a  hand  of  broken  and  often  con¬ 
solidated  materials  many  yards  wide.  Where  a  fault  has  a  considerable 
throw,  it  is  sometimes  flanked  by  parallel  small  faults.  The  occurrence 
of  these  close  together  will  obviously  produce  the  appearance  of  a  broad 
zone  of  much  fractured  rock  ciloug  the  trend  of  a  main  fissure.  A  line  of 
disturbance  may  consist  of  several  parallel  faults  of  nearly  equal  magni¬ 
tude  (Fig.  279,  section  3). 

^  See  Report  on  (leological  Survey  work,  QuarL  four/i.  (JeoL  Sac.  xliv.  (1SS8),  p.  393; 
and  posted.  Fig.  366. 
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Faults  are  sometimes  vertical,  but  are  generally  inclined.  The  largest 
faults,  or  those  with  the  greatest  vertical  Throio  or  displacement  (p.  094), 
commonly  slope  at  high  angles,  while  those  of  only  a  few  feet  or  yards 
may  be  inclined  as  low  as  18"’  or  20°.  The  inclination  of  a  fault  fi’oni 
the  vertical  is  called  its  Hade.  In  Fig.  278,  for  example,  the  fault  at  I>, 
being  vertical,  has  no  hade,  but  that  at  A  hades  at  an  angle  of  70 '  from 
the  vertical  to  the  left  hand.  The  amount  of  throw  is  represented  as 
the  same  in  both  instances,  but  with  the  direction  of  throw  to  opposite 
quarters,  so  that  the  level  of  the  beds  is  raised  between  the  two  faults 
above  the  uniform  horizon  which  it  retains  beyond  them. 

The  effect  of  the  inclination  of  faults  is  to  give  the  api)earance  of 
lateral  displacement.  In  Fig.  278,  for  example,  where  the  hade  of  one 
fault  is  considerable,  the  two  severed  ends  (c  and  d)  of  the  ])laclv  ])ed 
appear  to  have  been  pulled  asunder.  The  horizontal  distance  to  wliich 
they  are  removed  does  not  depend  upon  the  amount  of  vertical  displace¬ 
ment,  but  upon  the  angle  of  hade.  A  small  fault  with  a  great  hade  will 
shift  strata  latei'ally  much  more  than  a  large  fault  with  a  small  hach*.  It 
is  obvious  that  the  angle  of  hade  must  seriously  affect  the  value  of  a  coal¬ 
field.  If  the  black  bed  in  the  same  figixre  be  supposed  to  ])e  a  coal-seam, 
it  could  be  worked  from  either  side  up  to  c  and  d,  but  there  would  be  a 
space  of  barren  ground  between  these  two  points,  where  the  seam  never 
could  he  found.  The  larger  the  angle  of  hade  the  greater  the  breadth  of 
such  barren  ground. 

Different  Classes  of  Faults. — There  are  two  great  classes  of  faults ; 
(1)  those  in  which  gravity  plays  a  chief  part  and  one  side  subsides 
(Normal  Faults),  and  (2)  those  in  which,  consequent  upon  compnission 
within  the  terrestrial  crust,  portions  of  this  crust  are  pushed  up  over 
other  parts  (Eeversed  Faults,  Overthrusts). 

1.  Normal  Faults. — In  the  vast  majority  of  cases,  faults  hade  iu 
the  direction  of  downthrow,  or  in  other  words,  they  slope  away  from  the 
side  which  has  risen.  These  are  Normal  Faults.  The  explanatioti  of  thci 
structure  is  doubtless  to  be  found  in  the  fact  that  the  portion  of  the 
terrestrial  crust  towards  which  a  fault  hades  presents  a  less  area  of  })as(i 
to  pressure  or  support  from  below  than  the  mass  \vith  the  ])road  bas(‘.  o!i 
the  opposite  side,  and  consequently  in  obedience  to  gravity  sinks  down 
along  the  plane  of  the  fault.  The  mere  inspection  of  a  fault  in  any 
natural  or  artificial  section  suffices,  in  most  cases,  to  show  which  is  the 
upthrow  side.  In  mining  operations,  the  knowledge  of  this  rule  is 
invaluable,  for  it  decides  whether  a  coal-seam,  dislocated  by  a  fault,  is  to 
be  sought  for  by  going  up  or  down.  In  Fig.  278,  a  miner  working  fi‘om 
the  left,  and  meeting  with  the  fault  at  c,  would  know  from  its  hading 
towards  him  that  he  must  ascend  to  find  the  coal.  On  the  other  hand, 
were^  he  to  work  from  the  right,  and  catch  the  fault  at  d,  he  would  sijc 
that  it  would  be  necessary  to  descend.  According  to  this  rule,  a  noi-mal 
fault  never  brings  one  part  of  a  bed  below  another  part,  so  fis  to  be 
capable  of  being  pierced  twice  by  the  same  vertical  shaft. 

2.  Eeversed  Faults  or  Overthrusts  are  those  in  which  lower 
rocks  on  one  side  have  been  pushed  over  higher  rocks  on  the  other.  In 
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these  cases,  the  same  stratum  may  be  pierced  twice  by  a  vertical  shaft. 
The  hade  is  therefore  in  the  direction  of  upthrow,  but  is  often  so  low  in 
angle  that  the  plane  of  the  fault  (thrust-plane)  becomes  nearly  fiat  or 
even  undulating.  Faults  of  this  kind,  chiefly  occur  in  regions  where  the 
rocks  have  been  excessively  plicated,  and  especially  where  one-half  of 
a  fold  has  been  pushed  over  another  (Figs.  277  and  279,  section  4).^ 


1,  ^Vlonooliiial  fold  ;  2,  Moiioclinal  fold  replaced  by  £i  single  iionmil  fault ;  3,  Monoclinal  fold  converted 
into  a  series  of  parallel  iiunnal  faults  ;  4,  Monoclinal  fold  developed  by  increase  of  plication  inbj  a 
reversed  fault. 


They  are  closely  connected  with  anticlinal  and  synclinal  folding.  Thus, 
a  monoclinal  fold  may  by  increase  of  lateral  pressure  be  developed 
into  a  reversed  fault.  Beautiful  examples  of  this  relation  have  been 
observed  by  Powell  and  others  among  the  little-disturbed  formations  of 
the  great  plateaux  of  Utah  and  Wyoming.  On  a  smaller  scale  excellent 


Fig.  280.— Overthrusts  in  the  Upper  Cretaceous  formations,  Sliore,  Eastbourne. 
a,  gault ;  h,  greensand ;  c,  chalk.  T  T,  thrust-planes. 


illustrations  of  overthrusts  with  low  thrust-planes  may  be  found  among 
the  comparatively  little  disturbed  Cretaceous  and  Tertiary  formations  of 
the  south  of  England.  Fig.  280,  for  example,  represents  two  thrust-planes 

^  If  faults  were  generally  due  to  rupture  from  compre.ssion  we  should  expect  the 
“  reversed  ”  to  be  the  ordinary  form.  The  normal  hade  of  faults  points  to  the  existence  of 
stresses  in  the  crust  of  tlie  earth  wliich  are  from  time  to  time  relieved  hy  dislocation.  But 
the  nature  of  these  stresses  and  the  manner  in  which  faults  arise  are  still  among  the  oliseiirci 
problems  of  geology.  The  first  recognition  of  a  reversed  fault  or  overtlirust  appears  to  have 
been  by  the  mineralogist  C.  S.  Weiss,  who  in  October  1826  found  near  Dresden  an  old 
granite  which  had  been  pushed  over  the  Cretaceous  strata.  See  Rothpleiz,  (Jumpt,  rend. 
Qongrh  Geol.  Liter nat.  Zurich  (1897),  p.  252. 
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which  are  exposed  on  the  shore  to  the  west  of  Eastbourne.  It  will  be 
seen  that  in  each  case  the  Gault  and  Greensand  have  been  pushed  up  so 
as  to  overlie  the  Chalk  which  normally  comes  above  them  both.^ 

It  is  in  mountainous  regions,  where  rocks  have  undergone  the  greatest 
amount  of  disturbance,  that  overthrusts  are  most  abundantly  developed ; 
they  become  there,  indeed,  the  more  common  type  of  dislocation.  In  the 
Alps,  for  example,  they  may  be  observed  of  all  dimensions,  from  the  most 
trifiiiig  movement,  amounting  to  only  a  few  inches  or  feet,  up  to  the  most 
gigantic  displacements.  Excellent  examples  of  the  minor  kind  are  con¬ 
spicuous  on  the  limestone  walls  of  the  valley  of  Lauterbrunnen  (Eig.  281), 
where  the  J urassic  strata  have  been  sliced  through  by  many  gently  inclined 
thrust-planes,  along  which  the  shifted  rocks  fit  close  without  any  crushed 
material  between  them.  From  such  unimportant  faults  in  the  general 
tectonic  structure  of  the  ground,  stages  of  increasing  magnitude  may  be 
traced  in  a  mountain-chain,  until  we  are  brought  face  to  face  with  some 
of  the  most  gigantic  horizontal  displacements,  whereby  large  mountainous 
masses  of  the  terrestrial  crust  have  been  thrust  over  younger  formations, 
in  some  cases  for  a  distance  of  many  miles. 

Remarkable  illustrations  of  this  structure  have  been  carefully  studied  and  mapped 
ill  the  north-west  of  Scotland.  The  oldest  (Arclnean)  rocks  have  there  lieeii  driven 
forwards  for  miles  upon  gently  inclined  thrust-planes,  and  now  lie  upon  tlie  younger 
(Cambrian  and  perhaps  Silurian)  formations  (Figs.  344,  362,  366,  36,9).  Such  a  structure 
points  to  enormous  tangential  pressure,  by  whieli  the  very  foundations  of  tin*  country 
were  torn  up  and  thrust  towards  the  surface.  .  Subsequent  denudation  having  carved 
the  ground  into  mountains  and  valleys,  the  strange  spectacle  is  now  ])reseute.d  of  out¬ 
lying  cakes  of  the  very  oldest  rocks  that  cap  the  heights,  and  look  as  if  they  lay 
normally  on  the  much  younger  formations  beneath  them.  These  gently  inclined  or 
even  undulating  overthrusts  (thrust-planes)  have  been  displaced  by  younger  normal 
faults,  precisely  as  if  they  had  been  planes  of  stratification.  In  many  places,  so  int<*ns(! 
have  been  the  mechanical  movements  that  extensive  metamorphism  has  been  induced 
by  them.  Along  the  thrust-planes,  and  for  some  way  above  them,  the  rocks  that  liave 
been  pushed  forward  have  undergone  enormous  shearing-  As  above  remarked  ([>.  ()H3), 
their  original  structures  have  been  effaced,  new  divisional  planes  have  been  developcjd  in 
them,  and  they  have  become  more  or  less  schistose  along  new  foliation-planes,  lh(‘  new 
minerals  crystallising  along  the  shearing-surfaces  approximately  parallel  to  tint  thrust- 
planes.  A  general  idea  of  the  complication  of  this  structure  may  be  obtained  from 
Fig.  369,  where  it  will  be  observed  that  successive  slices  of  the  rocks  have  been  ruptured 
and  pushed  towards  the  left  hand  on  numerous  minor  thrusts  at  comparatively  high 
angles,  and  that  over  these  come  much  more  powerful  thrusts  at  lower  angles,  by  which 
the  older  rocks  are  driven  across  the  younger.- 

This  kind  of  structure  has  been  shown  by  Rothpletz  to  play  an  im])ortant  part  in 

^  A.  Strahan  {{).  J.  O.  S.  li.  (189^),  p.  549,  and  “Cteology  of  the  Isle  of  Purbeck’'  in 
J/em.  ffdul.  Su/'i\)  has  described  a  series  of  thrnst-ifianes  farther  west  in  the  Chalk  (ixposed 
along  the  coast-line  of  the  Isle  of  Purbeck.  The  examples  at  Eastbourne  were  first  detected 
and  mapped  by  Mr.  Clement  Reid. 

-  B.  N.  Peach  and  J.  Horne,  Nature,  13th  Nov.  1884.  The  details  of  this  structure 
with  ninaeroiis  illustrations  will  be  found  in  the  Report  of  the  Geological  Survey,  Q.  J.  (L  S. 
xliv.  (1888),  p.  378.  A  detailed  memoir  on  the  North-West  Highlands  is  in  preparation  by  * 
the  Survey.  See  also  the  paper  by  Professor  Lapworth,  on  “The  Secret  of  the  Highlands,’* 
(k’oL  Mag.  1883  ;  miiX  i^ostea,  pp.  792,  882. 


PART  VI 


OVEBTHRUHT  FAULTS 


603 


tlie  structure  of  tlie  Alps.^  As  far  back  as  tlie  year  1883  lie  traced  a  series  of  gigantic 
displacements  from  the  line  of  the  Lake  of  Lucerne  into  the  Tyrol.  One  of  these,  which 
he  has  since  worked  out  in  much  detail,  runs  from  the  Uri-Rothstock  eastwards  through 
the  cantons  TJri  and  Glarus,  winding  in  vast  curves  of  outcrop  from  the  valley  of  the 
Linth  to  that  of  the  Rhine.  This  line  of  stupendous  overthriist  passes  through  the 
Gliirnisch  and  its  so-called  ‘"double-fold.”  The  structure  of  the  district  in  his  view 
is  given  in  Fig.  382,  which  passes  through  the  same  ground  as  that  shown  in  Heim’s 


Fig.  281. — Thrust-planes  in  Jurassic  Liiucstones,  Laiiterbrunncn,  Switzerland. 


section  (Fig.  257).  Having  had  the  advantage  of  traversing  soiiie  of  the  thrust-planes 
in  this  region,  I  have  convinced  myself  that,  while  there  has  been  undoubtedly  much 
folding,  the  main  structure  is  correctly  given  by  Rothpletz. 

Similar  observations  have  been  made  in  Scandinavia,  where  a  series  of  gigantic  over¬ 
thrusts  of  the  Archaean  and  crystalline  schists  upon  the  older  Fahuozoic  formations  has 
been  followed  along  the  axis  of  the  country  for  a  distance  of  some  800  kilometres  or  500 
English  miles,  but  it  may  be  continuous  for  as  much  as  1800  kilometres  (1118  miles). 
The  thrusts  are  gently  inclined  or  undulating  planes,  and  the  horizontal  displacement  of 
the  largest  of  them  is  estimated  by  Turnebolim  at  as  much  as  130  kilometres  or  SO  miles. 


Fig.  2.S2.— Thrust-plane  among  the  mountains  south  of  the  Lake  of  Walleiistadt,  cantons  Glarus  and 
St.  Gall,  from  the  Miirgtlial  through  Sanrenstock  and  Trinser  Horn  ;  after  Professor  Rothi)letz. 

1,  Trias  ;  2,  Lias  ;  3,  Cretaceous ;  4,  Eocene  and  Oligocene.  a,  great  thrust-idane  ;  h,  normal  fault. 

The  push  has  come  from  the  west,  where  the  Seveaud  Rijros  schists  are  in  ^dace,  and  from 
which  they  have  been  driven  eastward  over  the  Lower  and  Upper  Silurian  formatioms.- 
The  same  type  of  displacement  has  been  met  with  in  many  coal-lields.  The  “grande 
faille  du  Midi,”  in  the  north  of  France  and  Belgium,  by  which  the  Devonian  rocks 
have  been  pushed  over  the  Carboniferous,  is  a  well-known  and  remarkable  example  of 
it.  Professor  Kayser  has  recently  mapped  and  described  a  series  of  large  hat  over¬ 
thrusts  to  the  east  of  the  Dill,  between  Ehringshauseii  and  Hohensolms,  by  which 
successive  slices  of  the  Middle  Devonian  formations  have  been  pushed  over  the  Upi)er 


^  See  his  papers  cited  on  p.  677.  Overtlirusts  in  the  Swiss  Jura  are  noted  in  the  ‘Livret 
Guide  ’  of  the  Congres  G(^ol.  Internat.  Zurich,  1894.  ’ 

-  See  the  large  and  important  memoir  l)y  this  geologist,  “  Grmidrageii  af  det  Ceiitrala 
Skaudinaviens  Bergbyggend, ”  JC  Vet.  AJead.  Stockholm  IlctiuUmfj,  xxviii.  No.  5  (1896), 
^  pp.  212.  This  remarkable  structure  has  been  shown  on  a  sketch-map  of  Sweden  on  a  scale 
of  1  :  1,500,000,  published  in  1901  by  the  Sveriges  Geologiska  Uiidersukiiiiig  under  the 
direction  of  Mr.  Tornehohm.  See  also  an  interesting  paper  with  map  by  Holmqiiist  in 
ircol.  FUi'en.  IStockhuhn,  xxiii.  p.  55  ;  2^f>'dea,  pp.  796,  898. 
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members  and  both  over  the  Culm,  while  a  system  of  later  normal  faults  has  cut  and 
shifted  these  thrust- planes,  as  in  bT.W.  Scotland.^  It  will  be  remembered  that  the 
same  structure  is  conspicuously  displayed  at  the  lower  ends  of  the  glaciers  of  ISTortli 
Greenland  and  Spitzbergen  {aoite,  p.  547). 

Throw  of  Faults. — Thcat  normal  faults  are  vertical  displacements  of 
parts  of  the  earth’s  crust  is  most  clearly  shown  wlien  they  traverse 
stratified  rocks,  for  the  regular  lines  of  bedding  and  the  originally  flat 
position  of  these  rocks  afford  a  measure  of  the  disturbance.  In  Fig.  278, 
the  same  series  of  strata  occurs,  on  either  side  of  each  of  the  two  faults, 
so  that  measurement  of  the  amount  of  displacement  is  here  ol)viously 
simple.  The  measurement  is  made  from  the  truncated  end  of  any  given 
stratum  vertically  to  the  level  of  the  opposite  end  of  the  same  stratum 
on  the  other  side  of  the  fault.  Where  the  fault  is  vertical,  like  that  to 
the  right  in  Fig.  278,  the  mere  distance  of  the  fractured  ends  from  each 
other  is  the  amount  of  displacement.  In  the  case  of  an  inclined  fault, 
the  level  of  the  selected  stratum  is  protracted  across  the  hssurc  until  a 
vertical  from  it  will  reach  the  level .  of  the  same  bed,  as  shown  l>y  the 
dotted  lines.  The  length  of  this  vertical  is  the  amount  of  vertical  dis¬ 
placement,  or  the  Throw  of  the  fault.  The  throw  of  faults  varies  from 
less  than  an  inch  to  several  thousand  feet. 

Unless  beds,  the  horizons  of  which  are  known,  can  be  recognised  on 
both  sides  of  a  fault,  exposed  in  a  cliff  or  other  section,  the  fault  at  that 
particular  place  does  not  reveal  the  extent  of  its  displacement.  It  would 
not,  in  such  a  case,  be  safe  to  pronounce  the  fault  to  be  large  or  small  in 
the  amount  of  its  throw,  unless  we  had  other  evidence  from  which  to 
infer  the  geological  horizon  of  the  beds  on  either  side.  A  fault  with  a, 
considerable  amount  of  displacement  may  make  little  show  on  a  cliff; 
while,  on  the  other  hand,  one  which,  to  judge  from  the  jumbled  and 
fractured  ends  of  the  beds  on  either  side,  might  he  supposed  to  he  a 
powerful  dislocation,  may  be  found  to  be  of  comparatively  slight  im¬ 
portance.  Thus,  on  the  cliff  near  Stonehaven,  in  Kincardineshire,  one  of 
the  most  notable  faults  in  Great  Britain  runs  out  to  sea,  between  tlnj 
ancient  crystalline  rocks  of  the  Highlands  and  the  Old  Red  SandstoTies 
and  conglomerates  of  the  Lowlands  of  Scotland.  So  powerful  have  b(‘cn 
its  effects  that  the  strata  on  the  Lowland  side  have  been  thrown  on  (uid 
for  a  distance  of  two  miles  back  from  the  line  of  fracture,  so  as  to  stand 
upright  along  the  coast-cliffs  like  books  on  a  library  shelf.  Y(it  a,t  the 
actual  point  where  the  fault  reaches  the  sea  and  is  cut  in  section  by  tluj 
shore-cliff,  it  is  not  revealed  by  a  band  of  shattered  rock.  On  the  con- 
trary,  no  one  would  at  first  be  likely  to  suspect  the  existence  of  a  fault 
at  all.  The  red  sandstone  and  the  reddened  Flighland  schists  have  betm 
so  compressed  and,  as  it  were,  welded  into  each  other,  that  some  care  is 
required  to  trace  the  demarcation  between  them. 

Dip-Faults  and  Strike-Faults.— The  same  fault  may  give  rise  to  very 
different  effects,  according  to  variations  in  the  inclination  or  curvatur(‘. 
of  the  rocks  which  it  traverses,  or  to  the  influence  of  branch  faults 
diverging  from  it.  Faults  among  inclined  strata  may,  in  most  districts, 

^  E.  Kayser,  Jahrh.  K.  Preuss.  GeoL  Laudemn.^t.  1900,  p.  7. 
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be  conveniently  grouped  into  two  series,  one  running  in  the  same  general 
direction  as  the  dip  of  the  strata,  the  other  approximating  to  the  trend 
of  the  strike.  They  are  accordingly  classified  as  clijp-faults  and  strike-faults, 
which,  however,  are  not  always  to  be  sharply  marked  off  from  each  other, 
for  the  dip-faults  will  often  be  observed  to  deviate  considerably  from  the 
normal  direction  of  dip,  and  the  strike-faults  from  the  prevalent  strike,  so 
as  to  pass  into  each  other. 

A  dip-fault  produces  at  the  surface  the  effect  of  a  lateral  shift  of  the 
strata.  This  effect  increases  in  proportion  as  the  angle  of  dip  lessens, 
but  ceases  altogether  when  the  beds  are  vertical.  Fig.  283  may  be  taken 
as  a  plan  of  a  dip-fault  (/ /)  traversing  a  series  of  strata  which  dip 
northward  at  20°.  The  beds  on  the  east  side  look  as  if  they  had  been 
pushed  horizontally  southwards.  That  this  apparent  horizontal  displace¬ 
ment  is  due  really  to  a  vertical  movement,  and  to  the  subsequent  planing 
down  of  the  surface  by  denuding  agents,  will  be  clear,  if  we  consider' 
what  must  be  the  effect  of  the  vertical  ascent  or  descent  of  the  inclined 
beds  at  a  dislocation.  The  part  on  one  side  of  the  fracture  may  be  pushed 
up,  or,  what  is  equivalent,  that  on  the  other 
side  may  be  let  down.  If  the  strike  of  the 
beds  l)e  supposed  to  be  east  and  west,  then  a 
horizontal  plane  cutting  the  dislocated  strata 
will  show  the  portion  on  the  west  or  upthrow 
side  of  the  fault  lying  to  the  north  of  that 
on  the  east  or  downthrow  side.  The  effect 
of  denudation  has  usually  been  practically  to 
produce  such  a  plane,  and  thus  to  exhibit 
an  apparently  lateral  shift.  This  surface  dis- 
])lacement  has  been  termed  the  hmve  of  a 
fault.  Its  dependence  upon  the  angle  of  dip 
of  the  strata  may  be  seen  by  a  comparison  of 
Sections  A  and  B  in  Fig.  284.  In  the  former,  the  bed  a  h,  which  may 
be  supposed  to  be  one  of  those  in  Fig.  283,  dipping  north  at  20°,  once 


Fig’.  *283. — Plan  <'f  Strata  cut  Ry  a 
Dip- Fault. 


W 


Pig.  284.— -Section.s  to  show  the  variation  of  horizontal  displacfiiient  or  Heave  of  Fault';, 
according  to  the  angle  of  iiicl.inatiou  of  strata. 

prolonged  above  the  present  surface  (marked  by  the  horizontal  line),  is 
^  I'epresented  as  having  dropped  from  w  h  to  e  d.  The  heave  amounts  to 
the  horizontal  distance  between  e  and  b,  the  throw  being  the  vertical 
distance  between  h  and  d.  But  if  the  angle  should  rise  to  50°,  as  in  B, 
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though,  the  amount  of  throw  or  vertical  displacement  is  there  one-fourth 
greater,  the  heave  or  horizontal  shift  diminishes  to  less  than  a  half  of 
what  it  is  in  A.  This  diminution  augments  with  increase  of  inclination 
till  among  vertical  beds  there  is  no  heave  at  all,  though  a  fault  with  a 
horizontal  thrust  will  cause  a  lateral  shift  even  in  vertical  strata  (see 
Tig.  366). 

Strike-faults,  where  they  exactly  coincide  with  the  strike,  may  rentove 
the  outcrops  of  some  strata  by  never  allowing  them  to  reach  the  surface. 
Fig.  285  shows  a  plan  (A)  and  section  (B)  of  one  of  these  faults,  / /, 


Fifjj.  2!^G. — Strike-Fault. 


A,  plan ;  B,  section  across  the  plan  in  the  line  of  the  arrows. 


having  a  downthrow  towards  the  direction  of  dip.  Iri  crossing  the  strike, 
we  pass  successively  over  the  edges  of  all  the  beds,  except  the  part 
between  the  asterisks,  which  is  cut  out  by  the  fault  as  shown  in  the 
section.  It  seldom  happens,  however,  that  such  strict  coincidence  between 
faults  and  strike  continues  for  more  than  a  short  distance.  The  direction 
of  dip  is  apt  to  vary  a  little  even  among  comparatively  undisturbed  strata, 
every  such  variation  causing  the  strike  to  undulate,  and  thus  to  be  cut 
more  or  less  obliquely  by  the  line  of  dislocation,  which  may  nevertheless 
run  quite  straight.  Moreover,  an  increase  or  diminution  in  the  throw  of 
a  strike-fault  will  have  the  effect  of  bringing  the  dislocated  ends  of  the 
beds  against  the  line  of  dislocation.  In  Fig.  286,  for  instance,  which 


represents  in  plan  another  strike-fault  (/),  we  see.  that  the  amount  of 
throw  increases  towards  the  right  so  as  to  allow  lower  beds  successively 
to  appear  on  one  side,  while  towards  the  left  it  diminishes,  and  finally 
dies  out  in  bed  Y. 

^  Their  effects  become  more  complicated  where  faults  traverse  undu¬ 
lating  and  contorted  strata.  The  connection  between  folding  and  fracture 
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has  already  been  adverted  to  in  the  case  of  monoclinal  bends.  It  some¬ 
times  happens  that  the  plications  are  subsequently  fractured,  so  that  the 
fault  may  appear  to  be  alternately  a  downthrow  on  opposite  sides, 
according  to  the  position  of  the  arches  and  troughs  which  it  crosses. 
This  structure  may  be  illustrated  by  a  plan  and  sections  of  a  dislocated 


Fi;;'.  •JST.  —  inau  of  Ant  idiiu' (A)  and  Syneliiii'  (S),  dislocated  by  a  Faulfc  (F  F). 


anticline  and  syncliiie,  which  will  also  show  clearly  how  the  apparently 
lateral  displacement  of  outcrop  produced  by  dip-faults  is  due  to  vertical 
movement.  Tig.  287  represents  a  plan  of  strata  thrown  into  an 
anticlinal  fold  AA.  and  a  synclinal  fold  SS,  and  traversed  by  a  fault  FF, 
having  an  upthrow  (u  u)  to  the  east.  A  dip- fault  shifts  the  outcrop 


A 


1 

A 


/V 


Fi}i;.  -JMS.  SccLiotis  .-iloiij^  tliii  Fault  in  Fig.  ‘J87. 

I,  section  aloiiK  the  upcast  Hi<lc  ;  2,  .section  along  tlie  downthrow  side' 

towards  the  dip  on  the  upthrow  side,  and  this  will  be  observed  to  he  the 
case  here.  On  the  west  side  of  the  fault,  tlie  black  bed  w,  dipping 
towards  the  south,  is  truncated  by  the  fault  at  u,  and  the  portion  on  the 
upthrow  side  is  shifted  forwards  or  southward.  Crossing  the  syncline, 
we  meet  with  the  same  bed  rising  with  a  contrary  dip;  and  as  the  upthrow 
‘'of  the  fault  still  continues  on  the  same  side,  the  portion  of  the  bed  on  the 
west  side  of  the  fault  must  he  sought  farther  south.  The  effect  of  the 
fault  on  the  syncline  is  to  widen  the  distance  between  the  two  opposite 
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outcrops  of  a  bed  on  the  downthrow  side,  or  to  narrow  it  on  the  upthrow 
side.  On  the  southern  slope  of  the  anticline  A,  the  same  bed  once  more 
appears,  and  again  is  shifted  forwards,  as  before,  on  the  upthrow  side. 
Hence  in  an  anticline,  the  reverse  effect  takes  place,  for  there  the  space 
between  the  two  outcrops  is  narrowed  on  the  downthrow  side.  A  section 
along  the  east  or  upcast  side  of  the  fault  would  give  the  structure  repre¬ 
sented  in  Fig.  288  (1) ;  while  one  along  the  downcast  side  would  be  as 
in  (2).  These  two  sections  illustrate  how  the  shifting  of  the  outcrops  at 
the  surface  can  be  simply  explained  by  a  mere  vertical  movement. 


Fig.  2S9. — Map  of  part  of  tlio  South  Wales  Coal-field. 

A  A,  Coal-measures  ;  L  L,  Carboniferous  limestone  dipping  beneath  the  Coal-measures  us  .shown  by  flu- 
arrows ;  a  n,  clip-faults  ;  S,  Swansea ;  M,  the  Mumbh's  ;  B.  C.,  Bristol  Channel. 

Dying-out  of  Faults. — Dislocation  may  take  place  either  by  a  single 
fault,  or  as  the  combined  effects  of  two  or  more.  Where  there  is  only  one 
fault,  one  of  its  sides  may  be  pushed  up  or  let  down,  or  there  may  be  a 
simultaneous  opposite  movement  on  either  side.  In  any  case,  there  must 
he  a  gradual  dying-out  of  the  dislocation  towards  either  end  ,  and  one  or 
more  points  where  the  displacement  has  reached  a  maximum.  Sometimes, 
as  may  be  seen  in  coal- workings,  a  fault,  with  a  considerable  maximum 
throw,  splits  into  minor  faults  at  the  terminations.  In  other  cases,  the 
offshoots  take  place  along  the  line  of  the  main  fissure.  Exceedingly  com¬ 
plicated  examples  occur  in  some  coal-fields,  where  the  connected  faults 
become  so  numerous  that  no  one  of  them  deserves  to  he  called  the  main 
or  leading  dislocation.  By  a  series  of  branch-faults,  the  effect  of  a  main* 
fault  may  be  neutralised  or  reversed.  Suppose,  for  example,  that  a 
main  fault  at  its  eastern  portion  throws  down  60  fathoms  to  the  north, 
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and  that  at  intervals  three  faults  on  the  same  side  strike  off  from  it,  each 
having  a  downthrow  of  25  fathoms  to  the  east ;  the  combined  effect  of 
these  branch  faults  will  be  to  reverse  the  throw  of  the  main  fault  towards 
its  western  end,  and  produce  a  downthrow  of  15  fathoms  to  the  south. 

Groups  of  Faults. — The  subsidence  or  elevation  of  a  large  mass  or 
block  of  rock  has  usually  taken  place  by  a  combination  of  faults.  Detailed 
maps  of  coal-fields,  such  as  those  published  by  the  Geological  Survey  of 
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Great  Britain  on  a  scale  of  six  inches  to  a  mile,  furnish  much  instructive 
material  for  the  study  of  the  way  in  which  the  crust  of  the  earth  has 
been  reticulated  by  faults.  In  most  cases,  dip-faults  are  predominant, 
sometimes  to  a  remarkable  extent,  as  in  the  portion  of  the  South  Wales 
coal-field  represented  in  Fig.  289.  In  other  places,  the  dislocations 
run  in  all  directions,  so  as  to  divide  the  ground  into  an  irregular  net¬ 
work. 

It  often  happens  that,  by  a  succession  of  parallel  and  adjoining  faults, 
a  series  of  strata  is  so  dislocated  that  a  given  stratum,  which  may  be  near 
the  surface  on  one  side,  is  carried  down  by  a  series  of  steps  to  some 
distance  below.  Excellent  examples  of  these  Step-faults  (Fig.  290)  are  to 


be  seen  in  the  coal-fields  on  both  sides  of  the  upper  part  of  the  estuary  of 
the  Forth.  Instead,  however,  of  having  the  same  downthrow,  parallel 
faults  frequently  show  a  movement  in  opposite  directions.  If  the  mass 
of  rock  between  them  has  subsided  relatively  to  the  surrounding  ground, 
they  are  Trough-faults  (Fig.  291),  and  enclose  wedge-shaped  masses  of 
rock  It  will  be  observed  that  the  hade  of  these  faults  is  in  each  case 
^towards  the  downthrow  side,  and  that  the  wedge-shaped  masses  with 
broad  bottoms  have  risen,  while  those  with  narrow  bottoms  and  broad 
tops  have  sunk. 

The  faults  of  a  district  may  not  have  been  the  result  of  one  series  of 
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in.0V6iii6iits,  but  of  8i  long  succ6Ssion  of  displuconionts,  oi  of  renewed 
disturbance  after  prolonged  quiescence.  One  fault  sometimes  displaces 
another.  In  regions  of  reversed  faults  and  tin  list -planesj  as  b<is  been 
pointed  out  above,  normal  faults  have  sometimes  taken  place  long  after 
the  first  dislocations. 

Detection  and  tracing  of  Faults.— As  a  rule,  faults  give  rise  to  little 
or  no  feature  at  the  surface,  so  that  their  existence  would  commonly  not 
be  suspected.  In  some  places,  where  a  fault  has  brought  together  two 
groups  of  rock  of  unequal  durability,  the  harder  mass  will  usually  be  found 
to  rise  above  the  softer,  and  may  form  a  long  band  of  higher  ground, 
the  margin  of  which  is  defined  by  the  line  of  dislocation.  Occasionally 
the  broken  rocks  along  a  fault  have  been  removed  by  denudation,  leaving 
a  long  line  of  hollow  or  even  a  more  marked  gash.  The  most  stupendous 
display  of  a  line  of  dislocation  at  the  surface  of  the  earth  is  probably 
that  of  the  great  rift  which  runs  through  the  centime  of  East  Africa  from 
Abyssinia  for  some  1500  miles  southward  to  beyond  the  southern  end  of 
Lake  Nyassa. 

Faults  comparatively  rarely  appear  in  visilde  sections,  but  are  apt 
rather  to  conceal  themselves  under  surface  accumulations  just  at  those 
points  in  a  ravine  or  other  natural  section  where  we  might  hope  to  catch 
them.  Yet  they  undoubtedly  constitute  one  of  the  most  important 
features  in  the  geological  structure  of  a  district  or  country,  and  should 
consequently  be  traced  with  the  greatest  care.  In  the  majority  .of  cases, 
in  countries  like  much  of  Central  and  Northern  Europe,  where  the  ground 
is  covered  with  superficial  deposits,  the  position  of  faults  cannot  be  seen, 

.  but  must  be  inferred ;  though  it  must  be  admitted  that  geologists  havci 
been  prone  to  great  recklessness  in  this  respect,  introducing  faults  for 
which  there  was  little  or  no  actual  evidence,  but  which  were  convenient 
for  the  explanation  of  theoretical  views  of  the  structure  of  a  district. 
Experience  will  teach  the  student  that  the  mere  visilde  section  of  a  fault, 
on  some  cliff  or  shore,  does  not  necessarily  afford  such  clear  evidence  of 
its  nature  and  effects  as  may  he  obtained  from  other  parts  of  the  region, 
where  it  does  not  show  itself  at  tbfe  surface  at  all.  In  fact,  he  might  he 
deceived  by  a  single  section  with  a  fault  exposed  in  it,  and  might  l>o  led  to 
regard  that  fault  as  an  important  and  dominant  one,  while  it  might  l)e 
only  a  secondary  dislocation  in  the  near  neighbourhood  of  a  great  fracture, 
for  which  the  evidence  would  be  elsewhere  obtainable,  but  which  might 
never  be  seen  itself.  The  actual  position ‘(within  a  few  yards)  of  a  large 
fault,  its  line  across  the  country,  its  effect  on  the  surface,  its  influence  on 
geological  structure,  its  amount  of  vertical  displacement  at  different  parts 
of  its  course — all  this  information  may  he  admirably  worked  out,  and  yet 
the  actual  fracture  may  never  be  seen  in  any  one  single  section  on  the 
ground.  A  visible  exposure  of  the  fracture  would  be  interesting :  it 
would  give  the  exact  position  of  the  line  at  that  particular  place ;  but  it 
would  not  be  necessary  to  prove  the  existence  of  the  fault,  nor  would  it 
perhaps  furnish  any  additional  information  of  importance.  The  existence^ 
of  an  unseen  fault  may  usually  he  determined  by  an  examination  of  the 
geological  structure  of  a  district.  An  abruptly  truncated  outcrop  is 
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always  suggestive  of  fracture,  though  sometimes  it  may  be  due  to  uncou- 
formable  deposition  against  a  steep  declivity.  If  a  series  of  strata  be 
discovered,  in  a  water-course  or  other  exposure,  dipping  continuously  in 
one  general  direction  at  angles  of  lO""  or  more,  and  if,  at  a  short  distance, 
another  portion  of  the  same  series  be  found  inclined  in  another  direction, 
the  two  thus  striking  at  each 'other,  a  fault  will  almost  always  be  required  to 
explain  their  relation.  If  all  the  evidence  obtainable,  from  the  sections 
in  water-courses  or  otherwise,  be  put  upon  a  map  (as  in  A,  Fig.  292),  it 
will  be  seen  that  a  dislocation  must  run  somewhere  near  the  points  marked 


Fig.  — Maj),  illustrating  tlie  detection  of  an  unseen  Fault. 

A,  lield-niai),  sliowing  tin*  data  actually  obtained  on  the  ground  ;  B,  completed  map,  .showing  the 
geological  structure  of  tlu^  distiiot. 


//,  as  there  is  no  room  for  either  series  to  turn  round  so  as  to  dip)  below 
the  other.  They  must  lie  mutually  truncated.  The  completed  mapj  would 
represent  them  separated  by  a  fault  (f,  in  B).  The  upthrow  or  downcast 
side  of  the  dislocation  would  he  determined  by  the  observer’s  knowledge 
of  the  order  of  superposition  of  the  respective  groups  of  strata.^ 

The  existence,  of  a  fault  having  been  thus  proved  from  an  examination 
of  the  geological  structure  of  the  ground,  its  line  across  the  country  may 
he  approximately  laid  down — 1st,  by  getting  exposures  of  the  two  sets  of 
rock,  or  the  two  ends  of  a  severed  outcrop  on  either  side,  as  near  as  pos¬ 
sible  to  each  other,  and  tracing  the  trend  of  the  dislocation  between; 
2nd,  by  noting  lines  of  springs  along  the  supposed  course  of  the  fault, 
subterranean  water  freciuently  finding  its  way  to  the  surface  along  fault- 
fissures  ;  3rd,  by  attending  to  surface  features,  such  as  lines  of  hollow,  or 
of  ridge  rising  above  hollow,  the  effect  of  a  fault  often  being  to  bring 
rocks  of  unequal  resistance  together,  so  as  to  allow  the  more  durable  to 
rise  more  or  less  steeply  from  the  fracture.^ 

^  On  a  method  of  determining  the  actual  direction  of  movement,  'whether  lateral  or 
vertical,  in  faults,  see  P.  Lake,  f/eod  Mac/.  1897,  p.  545. 

-  De  la  Beche,  ‘Geol.  Observer,’  p.  561. 
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Origin  of  Faults. — In  countries  where  the  rocks  have  not  undei'gone 
much  disturbance,  and  where  therefore  stratified  formations  are  still  not 
far  removed  from  their  original  approximate  '  horizontality,  fafdts  are 
generally  due  to  mere  subsidence  of  the  crust  (Normal  Faults).  As  has 
been  above  stated,  the  great  majority  of  faults  everywhere  IVelong  to  this 
class.  Van  Hise  has  proposed  to  class  them  as  Gravity  FauUr,  seeing  that 
gravity  is  chiefly  concerned  in  their  introduction.  Where,  on  the  other 
hand,  rocks  have  been  much  compressed  and  plicated,  both  minute  and- 
also  gigantic  faults  have  been  produced  by  tangential  thrust  (Reversed 
Faults,  Overthrust).  Experimental  illustration  has  shown  liow  by  lateral 
pressure  on  suitable  materials  most  of  the  chief  features  in  th(‘,se  faults 
can  be  imitated.  In  the  case  of  normal  faults,  a  part  of  the  crust  of  tlie 
earth  is  widened  until  this  effect  leads  to  the  jilication  of  the  subsiding  area, 
which  thus  adjusts  itself  to  its  new  position.  InAhc  case  of  overt lirusts, 
the  area  of  the  crust  is  diminished.  Both  lateral  thrust  nnd  subsidence 
have  often  been  concerned  in  the  origin  of  the  dislocations  of  a  much- 
fractured  area. 
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